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In this thesis, the study was aimed at improving current superparamagnetic contrast 
agents utilized in magnetic resonance imaging (MRI). For this purpose, the synthesis 
of well-defined spherical magnetic nanocomposite structures was proposed. The 
objective was to study the magnetic behaviour of such a nanostructure based on 
superparamagnetic nanocrystal (SPMN) assemblies in a polymeric matrix. By varying 
the packing density of SPMNs within a sphere, the separation distance between the 
nanocrystals could be readily controlled. Through examining the properties of such 
nanostructures, it was possible to gain deeper insights on the magnetic interaction 
behavior between SPMNs. Hence, the research work was mainly focused on 
investigating and exploiting unique magnetic behaviours of SPMNs for enhancing 
MRI contrast effects. 
The key advantage of SPMNs over other MRI contrast agents is its high molar 
relaxivity. Due to the strong magnetic fields induced by SPMNs, they distort local 
field patterns, which is useful in MRI because it affects the spin behaviour of protons. 
The most common source of protons in the body is hydrogen in water, with a net spin 
of ½. When placed in a magnetic field, protons precess at a frequency that is 
dependent on the magnitude of the external field. Hence, by disturbing the local field 
through the introduction of SPMNs, the protons experience changes in precession 
frequency and consequently lose phase coherence with respect to the bulk pool. This 
phenomenon is known as dephasing and results in the spreading of MR spectral 
signals. Based on such magnetic behaviour, two mechanisms were proposed to 
enhance MRI contrast using SPMNs. 
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The first was simply to maximise the rate at which protons dephase. The 
region that undergoes rapid spin dephasing would appear dark in a bright MR image 
so that the SPMN-targeted location could be distinguished. Assembled secondary 
structures of SPMNs were found to display unusually good proton dephasing effects. 
However, past studies were based on uncontrolled aggregation of SPMNs that were 
generally irregular in shape and size, which made it impossible to correlate the MR 
effects with the structure of magnetic contrast agents. Herein, the proposal of well-
structured and uniform magnetic composite nanospheres addressed this issue. 
The second way could be termed as “rephasing”. SPMNs typically cause 
random shifts in the precession frequencies of protons, which results in a wide range 
of frequencies. However, if one can recover the loss in phase coherence and restore it 
at a frequency that is different from the natural precession frequency of water, an 
alternative signal could be employed for detection of the contrast agent. The proposed 
magnetic nanocomposites structure could hypothetically produce such a unique effect 
and be potentially useful for dual modal MR spectroscopic imaging. 
As such, this thesis was premised on fabricating uniform and well-dispersed 
superparamagnetic nanocomposite structures as the key materials component. The 
particles were broadly characterized in terms of size, morphology, composite structure, 
magnetic properties, pH stability, colloidal stability and cytotoxicity. Finally, they 
were analyzed for its potential as multifunctional and multimodal imaging probes for 
detection based on the MRI platform. 
viii 
LIST OF RELATED PUBLICATIONS 
 E. S. G. Choo, E. Peng, R. Rajendran, P. Chandrasekharan, C. T. Yang, J. Ding, 
K. H. Chuang, J. M. Xue, “Superparamagnetic Nanostructures for Off-Resonance 
Magnetic Resonance Spectroscopic Imaging”, DOI: Advance Functional 
Materials 10.1002/adfm.201200275, accepted on 13th Aug 2012 
 E. S. G. Choo, X. S. Tang, Y. Sheng, B. Shuter, J. M. Xue, “Controlled Loading 
of Superparamagnetic Nanopaticles in Fluorescent Nanogels as Effective T2-
Weighted MRI Contrast Agents”, Journal of Materials Chemistry, 21, 2310-2319 
(2011) 
 E. S. G. Choo, B. Yu, J. M. Xue, “Synthesis of Poly(acrylic acid) (PAA) 
Modified Pluronic P123 Copolymers for pH-Stimulated Release of Doxorubicin”, 
Journal of Colloid and Interface Science, 358, 462-470 (2011) 
 E. Peng, E. S. G. Choo, P. Chandrasekharan, C. T. Yang, K. H. Chuang, J. M. 
Xue, “Synthesis of Manganese Ferrite/Graphene Oxide Nanocomposites for 
Biomedical Applications”, DOI: Small 10.1002/smll.201201427, accepted on 21st 
Aug 2012 
 X. L. Liu, H. M. Fan, J. B. Yi, Y. Yang, E. S. G. Choo, J. M. Xue, D. D. Fan, J. 
Ding, “Optimization of Surface Coating on Fe3O4 Nanoparticles for High 
Performance Magnetic Hyperthermia Agents”, Journal of Materials Chemistry, 22, 
8235-8244 (2012) 
 X. S. Tang, K. Yu, Q. H. Xu, E. S. G. Choo, G. K. L. Goh, J. M. Xue, “Synthesis 
and Characterization of AgInS2-ZnS Heterodimers with Tunable 
Photoluminescence”, Journal of Materials Chemistry, 21, 11239-11243 (2011) 
 X. S. Tang, E. S. G. Choo, L. Li, J. Ding, J. M. Xue, “Synthesis of ZnO 
Nanoparticles with Tunable Emission Colors and Their Cell Labeling 
Applications”, Chemistry of Materials, 22, 3383-3388 (2010) 
 J. Q. Yuan, E. S. G. Choo, X. S. Tang, Y. Sheng, J. Ding, J. M. Xue, “Synthesis 
of ZnO–Pt Nanoflowers and their Photocatalytic Applications”, Nanotechnology, 
21, 185606-185615 (2010) 
 L. Li, E. S. G. Choo, X. S. Tang, J. Ding, J. M. Xue, “Ag/Au-Decorated 
Fe3O4/SiO2 Composite Nanospheres for Catalytic Applications”, Acta Materialia, 
58, 3825-3831 (2010) 
 X. S. Tang, E. S. G. Choo, L. Li, J. Ding, J. M. Xue, “One-Pot Synthesis of 
Water-Stable ZnO Nanoparticles via a Polyol Hydrolysis Route and their Cell 
Labeling Applications”, Langmuir, 25, 5271-5275 (2009) 
 L. Li, E. S. G. Choo, X. S. Tang, J. Ding, J. M. Xue, “A Facile One-Step Route to 
Synthesize Cage-Like Silica Hollow Spheres Loaded with Superparamagnetic 
ix 
Iron Oxide Nanoparticles in their Shells”, Chemical Communications, 8, 938-940 
(2009) 
 D. Maity, E. S. G. Choo, J. B. Yi, J. Ding, J. M. Xue, “Synthesis of Magnetite 
Nanoparticles via a Solvent-Free Thermal Decomposition Route”, Journal of 
Magnetism and Magnetic Materials, 321, 1256-1259 (2009) 
 L. Li, E. S. G. Choo, J. B. Yi, J. Ding, X. S. Tang, J. M. Xue, 
“Superparamagnetic Silica Composite Nanospheres (SSCNs) with Ultrahigh 
Loading of Iron Oxide Nanoparticles via an Oil-in-DEG Microemulsion Route”, 
Chemistry of Materials, 20, 6292-6294 (2008) 
 L. Li, E. S. G. Choo, Z. Y. Liu, J. Ding, J. M. Xue, “Double-Layer Silica Core-
Shell Nanospheres with Superparamagnetic and Fuorescent Functionalities”, 
Chemical Physics Letters, 461, 114-117, (2008) 
 
x 
LIST OF TABLES 
Table 3-1: Basic characteristics of the as-synthesized Fe3O4 nanoparticles. 
(Page 52) 
Table 3-2: Basic characteristics of the as-synthesized MnFe2O4 nanoparticles. 
(Page 58) 
Table 4-1: Summary of nanosphere samples prepared using different oil-to-water 
ratios in the mini-emulsion. 
(Page 69) 
Table 4-2: Summary of nanosphere samples prepared using variable amounts of 
copolymer in the mini-emulsion. 
(Page 72) 
Table 4-3: Summary of IONCs prepared using variable amounts of SPION-4nm in the 
mini-emulsion. 
(Page 76) 
Table 4-4: Summary of IONCs prepared using variable amounts of SPION-7nm in the 
mini-emulsion. 
(Page 79) 
Table 4-5: Summary of SPION loading weight percentage of the IONC-a and IONC-b 
samples as determined by TGA. 
(Page 83) 
Table 5-1: Summary of the saturation magnetization (Ms) values of SPION-4nm, 
SPION-7nm and IONC samples as measured by VSM. 
(Page 100) 
Table 5-2: Summary of derived characteristics of SPION-4nm, SPION-7nm and the 
IONC samples. 
(Page 106) 
Table 5-3: Summary of T1 values obtained for Ferucarbotran, SPION-7nm, and 
IONC-b samples with spin echo sequences (TE: 9.1 ms, TR: 100 ms - 6400 ms). 
(Page 111) 
Table 5-4: Summary of T2 values obtained for Ferucarbotran, SPION-7nm, and 





Table 5-5: Summary of T2* values obtained for Ferucarbotran, SPION-7nm, and 
IONC-b samples with a gradient echo sequence (8 echoes; TE: 4 ms – 80 ms, TR: 1600 
ms). 
(Page 112) 
Table 5-6: Summary of R1 values for Ferucarbotran, SPION-7nm, and IONC-b 
samples. 
(Page 113) 
Table 5-7: Summary of R2 values for Ferucarbotran, SPION-7nm, and IONC-b 
samples. 
(Page 113) 
Table 5-8: Summary of R2* values for Ferucarbotran, SPION-7nm, and IONC-b 
samples. 
(Page 114) 
Table 5-9: Summary of relaxivity constants of the Ferucarbotran, SPION-7nm, and 
IONC-b samples. 
(Page 116) 
Table 6-1: Summary of magnetic properties of MFNs and MFNCs. 
(Page 139) 
xii 
LIST OF FIGURES 
Figure 1-1: Flowchart illustrating the use of diagnostic imaging during the treatment 
process of a diseased patient. Steps involving imaging are highlighted in gray. 
(Page 2) 
Figure 1-2: Schematic diagram illustrating a patient inside a MRI magnet subject to 
strong magnetic field generated by a superconducting coil (Z). Gradients in the 
uniform field within the coils are induced by addition coils in the X and Y directions. 
(Page 5) 
Figure 1-3: Schematic showing the determination of T1 as the time taken for the 
recovery of 63.2% of the longitudinal magnetization (Mz). 
(Page 7) 
Figure 1-4: Schematic showing the determination of T2 as the time taken for the loss 
of 63.2% of the transverse magnetization (Mxy) due to dephasing of the spin 
precessions. 
(Page 9) 
Figure 2-1: Reaction scheme for the synthesis of amphiphilic brush copolymer, 
PBMA-g-C12. 
(Page 26) 
Figure 2-2: Reaction scheme for the synthesis of the fluorescent amphiphilic 
copolymer PBMA-g-(C12/FC). 
(Page 28) 
Figure 2-3: Reaction scheme for the synthesis of PEG-conjugated amphiphilic 
copolymer PBMA-g-PEG. 
(Page 29) 
Figure 2-4: Schematic illustration for the formation of nanospheres via the oil-in-
water emulsion. The polymer and nanoparticles were initially dispersed in the oil 
phase. Ultrasonication breaks the oil into minute droplets, which act as the spherical 
template for the condensation and formation of the nanospheres in the water medium. 
(Page 31) 
Figure 3-1: Inverse spinel structure of Fe3O4. (Red spheres indicate O2-, yellow 
tetrahedrons are sites occupied by Fe3+, and purple octahedrons are sites occupied by 
Fe2+ or Fe3+.) 
(Page 42) 
Figure 3-2: Schematic diagram illustrating the interleaving of multiple side chains of 
the brush-structured copolymer with the surface ligands of the nanoparticles. Polymer 
chain lengths and density of chains are not drawn to scale. 
(Page 45) 
xiii 
Figure 3-3: (a) TEM image of 4 nm Fe3O4 SPIONs synthesized at 265 oC. (b) High 
resolution TEM image of the 4 nm SPIONs showing the atomic lattice fringes. (c) 
TEM image of 7 nm Fe3O4 SPIONs synthesized at 300 oC. (d) High resolution TEM 
image of the 7 nm SPIONs showing the atomic lattice fringes. (Inset: Bar charts 
showing the number size distribution profiles of the respective SPIONs) 
(Page 48) 
Figure 3-4: (a) XRD spectra of (1) SPION-4nm and (2) SPION-7nm. (b) M(H) 
profiles of (1) SPION-4nm and (2) SPION-7nm. 
(Page 50) 
Figure 3-5: (a) TEM image of 6 nm MFNs. (b) High resolution TEM image of the 6 
nm MFNs showing the atomic lattice fringes. (c) TEM image of 18 nm MFNs. (d) 
High resolution TEM image of the 18 nm MFNs showing the atomic lattice fringes. (e) 
TEM image of 30 nm MFNs. (f) High resolution TEM image of the 30 nm MFNs 
showing the atomic lattice fringes. (Inset: Bar charts showing the number size 
distribution profiles of the respective MFNs) 
(Page 53) 
Figure 3-6: (a) XRD spectra of (1) MFN-6nm, (2) MFN-18nm, and (3) MFN-31nm. 
(Page 55) 
Figure 3-7: (a) M(H) profiles of (1) MFN-6nm, (2) MFN-18nm, and (3) MFN-31nm. 
(b) M(H) profiles of (1) MFN-6nm, (2) MFN-18nm, and (3) MFN-31nm. 
(Page 57) 
Figure 3-8: 1H NMR spectrum of PBMA-g-(C12/FC) in DMSO-d6. (Solvent peaks: 
DMSO-d6 at 2.5 ppm, HOD at 3.3 ppm) 
(Page 60) 
Figure 3-9: FT-IR spectra of (i) PBMA-g-(C12/FC), (ii) PBMA, (iii) 1-dodecylamine, 
and (iv) fluoresceinamine. 
(Page 61) 
Figure 4-1: Schematic diagram illustrating the formation of magnetic nanocomposites 
through the oil-in-water mini-emulsion/solvent evaporation process. 
(Page 66) 
Figure 4-2: SEM images of nanospheres synthesized using different oil-to-water ratios. 
(a) R-1 (1:15); (b) R-2 (1:10); (c) R-3 (1:5); and (d) R-4 (1:2). (e) Z-average sizes of 
the samples obtained by DLS against amount of copolymer injected. (Scale bars = 
200 nm) 
(Page 70) 
Figure 4-3: SEM images of nanospheres synthesized using different amounts of 
polymer. (a) P-1 (2.5 mg); (b) P-2 (5 mg); (c) P-3 (10 mg); (d) P-4 (25 mg); (e) P-5 
(40 mg); (f) P-6 (50 mg); (g) P-7 (60 mg); and (h) P-8 (100 mg). (i) Z-average sizes 
obtained by DLS against the amount of copolymer injected. (Scale bars = 1 μm) 
(Page 73) 
xiv 
Figure 4-4: SEM images and the corresponding size distribution curves (DLS) of 
IONCs synthesized using different amounts of SPION-4nm. (a) IONC-a1; (b) IONC-
a2; (c) IONC-a3; (d) IONC-a4; (e) IONC-a5; and (f) IONC-a6. (Scale bars = 500 nm) 
(Page 77) 
Figure 4-5: TEM images of (a) IONC-a1, and (b) IONC-a6 illustrating the different 
loading density of SPION-4nm inside the polymer sphere. 
(Page 78) 
Figure 4-6: SEM images and the corresponding size distribution curves (DLS) of 
IONCs synthesized using different amounts of SPION-7nm. (a) IONC-b1; (b) IONC-
b2; (c) IONC-b3; (d) IONC-b4; (e) IONC-b5; and (f) IONC-b6. (Scale bars = 500 nm) 
(Page 80) 
Figure 4-7: TEM images of IONCs synthesized using different amounts of SPION-
7nm. (a) IONC-b1; (b) IONC-b2; (c) IONC-b3; (d) IONC-b4; (e) IONC-b5; and (f) 
IONC-b6. (Scale bar = 20 nm) 
(Page 81) 
Figure 4-8: TGA profiles of (a) SPION-4nm and IONC-a samples in increasing order 
of SPION composition from bottom to top, and (b) SPION-7nm and IONC-b samples 
in increasing order of SPION composition from bottom to top.  
(Page 82) 
Figure 4-9: DLS intensity-weighted size measurements and zeta potential 
measurements of IONC-b5 incubated in millipore water and PBS at 25 oC for up to 10 
days. 
(Page 84) 
Figure 4-10: R2 relaxation rate (
2T
1
) as a function of iron concentration [Fe] for (a) 
IONC-b1, (b) IONC-b2, (c) IONC-b3, (d) IONC-b4, (e) IONC-b5, and (f) IONC-b6 
before (×) and after (∆) being left standing in a 3T magnet for 17 h. T2 values were 
obtained using the CPMG spin-echo sequence (32 echoes; TE: 9.2 ms, TR: 3000 ms). 
(Page 85) 
Figure 4-11: DLS intensity-weighted size measurements of IONC-b5 incubated in 
PBS (with and without 10% FBS) at 37 oC for up to 2 days. 
(Page 87) 
Figure 4-12: (a) DLS intensity-weighted size measurements of IONC-b5 incubated in 
different pH buffer solutions for the first 6 h. (b) DLS intensity-weighted size 
measurements of IONC-b5 incubated in different pH buffer solutions for up to 10 
days. (c) Size trend of IONC-b5 when dispersed in different pH buffer solutions. (d) 
List of the salts used in the preparation of the different pH buffer solutions. 
(Page 88) 
Figure 4-13: SEM images of IONC-b5 after incubation in different pH buffered 
solutions for 14 days. (a) pH 2; (b) pH 4; (c) pH 7; (d) pH 10; and (e) pH 12. (f) DLS 
intensity-weighted size distribution profiles of IONC-b5 dispersed in the different pH 
xv 
media as measured using DLS. 
(Page 89) 
Figure 5-1: A schematic diagram illustrating the loading control of SPIONs in the 
nanocomposites structure. 
(Page 94) 
Figure 5-2: (a) TEM image of monodisperse SPION-7nm (Inset: High resolution 
TEM of a SPION showing lattice fringes); (b) SEM image of IONC-b5; (c) EDS 
elemental analysis of IONC-b5; (d), (e), (f) TEM images of IONC-b5 at different 
magnifications; (g) High-resolution TEM image of IONC-b5 (Inset: SAED ring 
patterns of IONC-b5); (h) XRD profile of IONC-b5; and (i) VSM profiles of core 
SPION-7nm (∆) and IONC-b5 (□). 
(Page 96) 
Figure 5-3: (a) M(H) curves of SPION-4nm and IONC-a samples as measured using 
VSM. (b) Magnified M(H) profiles of the same SPION-4nm and IONC-a samples 
showing slight splitting of the curves. 
(Page 99) 
Figure 5-4: ZFC and FC magnetization curves of SPION-7nm, IONC-b2, IONC-b5 
and IONC-b6 measured using the SQUID magnet. The blocking temperature (TB) was 
determined as the point where the ZFC and FC curves split. (ZFC curves are plotted 
in solid lines and FC curves are plotted in dotted lines.) 
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Figure 5-5: Schematic diagram illustrating the radius of space occupied by each 
SPION within an IONC. 
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Figure 5-6: Plot of magnetization saturation (Ms) against SPION loading (wt%) for 
IONC-a (◊) and IONC-b (∆) samples. (Dotted lines were drawn as a guide to the eye.) 
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Figure 5-7: Plot of Ms,Fe against intra-particle separation dsep for IONC-a (◊) and 
IONC-b (∆) samples. (Dotted lines were drawn as a guide to the eye.) 
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Figure 5-8: TEM images of (a) SPION-7nm before phase transfer, and (b) SPION-
7nm after phase transfer by surface coating with PBMA-g-C12. 
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Figure 5-9: (a) Graphs of R1 against iron concentration [Fe]. (b) Graphs of R2 against 
[Fe]. (c) Graphs of R2* against [Fe]. 
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Figure 5-10: (a) Transverse relaxivity (r2*) against saturation magnetization (Ms) for 




Figure 5-11: T2-weighted MR images (TR = 1600 ms, TE = 40 ms) of various magnetic 
samples for different Fe concentrations at 25 oC in a 3T magnet. 
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Figure 5-12: Schematic illustrating the clustering of many magnetic nanoparticles to 
become a single large magnetized sphere. 
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Figure 5-13: (a) PL emission spectra of (i) fluoresceinamine, (ii) blank fluorescent 
nanogels, and (iii) IONC-b2 dispersed in water. (iv) The PL excitation spectrum for 
IONC-b2 with the emission wavelength fixed at 520 nm. (b) UV-Vis absorbance 
spectra for (i) fluoresceinamine; (ii) blank fluorescent nanogels; (iii) IONC-b2; (iv) 
IONC-b3; (v) IONC-b4; and (vi) IONC-b5 in water. 
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Figure 5-14: Digital photographs illustrating the photoluminescence of (a) unmodified 
and (b) fluorescein-modified IONC-b4 under UV illumination (λmax = 365 nm), and 
their corresponding images (c and d) under normal lighting. (e) Fluorescent image and 
(f) differential interference contrast photograph of cells labelled using IONC-b4. (g) 
Fluorescent image and (h) differential interference contrast photograph of unlabeled 
cells as the control sample.Figure 6-5: (a) Schematic diagram illustrating the 
octahedron crystallographic structure of a MFN surrounded by {111} surfaces and 
having the <111> easy axis. (b) TEM image of octahedron MFN-18nm (Inset: Size 
distribution profile). (c) High resolution TEM image of MFN-18nm revealing the 
lattice spacings. (d) SEM image of MFNCs with (Inset: Size distribution profile). (e) 
TEM image of a single MFNC. (f) High resolution TEM of centre of a MFNC 
showing the lattice spacings of the embedded nanocrystals. (g) EDS analysis of the 
MFNCs. (h) XRD analysis of the MFNCs. (i) SAED analysis of the MFNCs. 
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Figure 6-1: Schematic diagram illustrating the peak broadening effect on the 1H NMR 
spectrum of water protons due to the presence of magnetic nanoparticles disturbing 
the local magnetic field. 
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Figure 6-2: Schematic diagram illustrating the 1H protons precessing under the 
influence of different magnetic flux densities. Blue protons precess at a Larmor 
frequency different from that of the red protons resulting in a broadening of the 1H 
NMR peak. 
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Figure 6-3: Schematic diagram illustrating a perfect octahedron crystallographic 
structure showing the {111} surfaces and the <111> easy axis. 
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Figure 6-4: Schematic diagram depicting the location of water molecules in the far-
field and inner-field regions of the MFNCs. Particles and flux lines are not drawn to 
scale. (Inset: Hypothetical NMR spectrum exhibiting the appearance of a secondary 
peak due to the chemical shift of inner-field water protons. 
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Figure 6-5: (a) Schematic diagram illustrating the octahedron crystallographic 
structure of a MFN surrounded by {111} surfaces and having the <111> easy axis. (b) 
TEM image of octahedron MFN-18nm (Inset: Size distribution profile). (c) High 
resolution TEM image of MFN-18nm revealing the lattice spacings. (d) SEM image 
of MFNCs with (Inset: Size distribution profile). (e) TEM image of a single MFNC. (f) 
High resolution TEM of centre of a MFNC showing the lattice spacings of the 
embedded nanocrystals. (g) EDS analysis of the MFNCs. (h) XRD analysis of the 
MFNCs. (i) SAED analysis of the MFNCs. 
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Figure 6-6: TEM images of magnetic ferrite nanocomposites with different loading 
densities; (a) MFNC-1; (b) MFNC-2; (c) MFNC-3; and (d) MFNC-4. 
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Figure 6-7: TGA profiles of MFN-18nm, MFNC-1, MFNC-2, MFNC-3, and MFNC-4. 
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Figure 6-8: (a) M(H) profiles of MFN-18nm, MFNC-1, MFNC-2, MFNC-3 and 
MFNC-4 as measured using VSM. (b) Magnified M(H) profile of MFN-18nm, 
MFNC-1, MFNC-2, MFNC-3, and MFNC-4. (c) ZFC and FC profiles of MFN-18nm, 
MFNC-1, MFNC-2, MFNC-3, and MFNC-4 measured using SQUID. (Arrows point 
to the approximate position of the blocking temperature.) 
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Figure 6-9: (a) 1H NMR spectra of MFNC-2 in water with different Fe concentrations 
(Inset: Magnified NMR spectra showing the position of the off-resonance peak). 
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Figure 6-10: 1H NMR spectra of MFN-18nm dispersed in water at different Fe 
concentrations. 
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Figure 6-11: 1H NMR spectra of blank nanospheres, MFN-18nm, and MFNC samples 
dispersed in water at different Fe concentrations. 
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Figure 6-12: 1H NMR spectra of blank nanospheres, MFN-6nm, and MFNC-b 
samples dispersed in water at different Fe concentrations. 
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Figure 6-13: MR spectroscopic images of pure water, and MFNC-1, MFNC-2 and 
MFNC-3 dispersed in water. Images were acquired at +2000 Hz, 0 Hz, and -2000 Hz 
offset. 
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Figure 6-14: SEM images of (a) MFNC-2, (b) MFNC-3, (c) MFNC-PS-1, and (d) 
MFNC-PS2. (e) Left axis: Comparison of the sizes of the respective nanospheres in 
dry state to the hydrodynamic size in solution as measured using DLS. Right axis: 
Percentage size difference between dry state and hydrodynamic size of the samples. 
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Figure 6-15: Schematic diagram illustrating the absorption of methylene blue and 
borohydride species into the nanogel to allow the catalytic interaction with silver 
nanoparticles embedded within the spheres. 
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Figure 6-16: TEM image of (a) silver nanoparticles, and (b) silver nanoparticles 
encapsulated in PBMA-g-C12 nanospheres. 
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Figure 6-17: (a) Absorbance profiles of a blank control sample, Ag-NP, Ag-NC, and 
Ag-NC-PS at λmax = 680 nm with respect to time. (b) Digital photographs under 
normal light illustrating the decolourization of methylene blue in aqueous NaBH4 
(control) and in the presence of Ag-NP, Ag-NC, and Ag-NC-PS. (Photographs were 
taken 40 min after addition of particles.) 
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Figure 6-18: 1H NMR spectra of MFNC-PS, MFNC-2, and MFNC-PEG in water. 
(Inset (right): (a) MFNC-PS-1, (b) MFNC-2, and (c) MFNC-PEG. Inset (left): TEM 
image of a typical MFNC-PEG composite nanosphere. 
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Figure 6-19: (a) Size evolution of MFNC-4 in different pH media for 7 days. (b) 
Amount of Fe3+ liberated from MFNC-4 after incubated in different pH media for 7 
days at 37 oC. 
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Figure 6-20: Size evolution of MFNC-4 dispersed in PBS containing BCS (10%) at 
37 oC for 21 days. 
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Figure 6-21: Cell viability of NIH/3T3 cell lines incubated with different 
concentrations of MFN-18nm and MFNC-4. 
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Figure 7-1: Effect of MFNC size on the 1H NMR spectra of water. Peak intensities 
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CHAPTER 1: INTRODUCTION 
1.1 NANOPROBES FOR CLINICAL DIAGNOSTIC IMAGING 
Recent advances in bio- and nano-technology have led to the swift development of a 
wide variety of nanoprobes for biomedical imaging. [1,2,3] The detection and imaging 
of specific changes in biological microenvironments play key roles in many fields such 
as biological mechanism study, drug screening, diagnosis of many diseases, and 
monitoring of therapeutic responses. [4,5] The rapid expansion of nanotechnology in 
the biomedical field is evident by the fact that this market is increasing by about 17% 
annually and is currently predicted to grow to about $75.1 billion by 2014. [6] One 
question that needs to be answered first is: “Why is ‘nano’ technology useful for 
biomedical imaging?” Herein, we look into the advantages of nano-sized probes for 
their applications in the biomedical field. 
Firstly, the size-scale of cell and tissue structures is important. Objects are 
generally classified as nano-size if they are between 10 – 500 nm in size, which is 
more than two orders of magnitude smaller than most biological cells. Hence, 
nanoprobes are usually of the same size as or smaller than that of the pores and 
openings in vascular systems and tissues of the human body. [ 7 ] This property 
facilitates the delivery of the probes towards and into live cells. 
Secondly, their uptake by the kidney (renal clearance) is lower than small 
molecules, while their uptake by the reticularendothelial system (RES) of liver is lower 
than micro-size materials. [8] Therefore, it can be seen that nano-materials typically 
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exhibit prolonged circulation half-lives in the body and have a greater probability to 
reach the target site than either small molecules or large micro-size particles. 
Thirdly, nano-sized probes are shown to accumulate efficiently at angiogenic 
vascular sites such as those activated by tumours and arthritis. This is because the 
enhanced angiogenic activities at these sites lead to highly porous vasculature 
structures that result in the enhanced permeability and retention (EPR) effect. [9] 
These features highlight the suitability and potential of nanoprobe systems for delivery 
of imaging agent and/or therapeutic factor to diseased sites. 
The main purpose of diagnostic imaging is to extract useful information from 
the acquired images so as to facilitate the treatment of the problem. As shown in the 
flowchart of Figure 1-1, imaging is required at every stage of the entire treatment 
process to monitor the status of a patient, particularly for those suffering from complex 
diseases such as cancers. 
 
 
Figure 1-1: Flowchart illustrating the use of diagnostic imaging during the treatment 















The information obtained from the imaging steps is used to diagnose the 
disease at different stages, such as during planning of the treatment process, during 
treatment to measure the response, and after treatment to monitor the effects of the 
treatment. On top of this, repeat images may be needed at each stage, especially if 
adaptive treatment procedures are applied. It is in the best interest for patients that the 
imaging sequences do not further compromise the patient’s physical health. Hence, the 
imaging procedure needs to be relatively non-invasive and safe towards the well-being 
of the patient especially if many such imaging sessions are required.  
There is currently a selection of well-established diagnostic imaging techniques 
such as optical imaging [10], ultrasonography [11], computed tomography (CT) scan 
[ 12 ], positron emission tomography (PET) scan [ 13 ], single-photon emission 
computed tomography (SPECT) [14], and magnetic resonance imaging (MRI) [15,16]. 
These various imaging modes utilize different mechanisms such as optical contrast, 
sonographic contrast, X-ray contrast, gamma ray spectroscopy, and magnetic 
resonance contrast effects for acquiring images. To attain better image resolution and 
perform more accurate diagnosis, these contrast modalities can be enhanced or fine-
tuned via the introduction of specially engineered nanoprobes. [17] 
Among the various imaging platforms listed earlier, MRI stands out in 







2. High penetration depth 
3. Three-dimensional tomographic image acquisition 
4. Good anatomical contrast 
5. Use of non-ionizing radiation and tracers. 
A key aspect, for instance, is that optical imaging and ultrasonography pale in 
comparison to the penetration depth of MRI and its ability to obtain three-dimensional 
(3D) tomographic images. MRI is also widely regarded as being the safest imaging 
mode because it has minimal side-effects on health. This is as compared to the PET 
and SPECT techniques that require the introduction of radioactive tracers for detection 
of tissues or organs in the body. The dosage levels of the tracers are significant as it 
typically makes up to more than twice the annual average background radiation. [18] 
Furthermore, it is common practice that these techniques are performed in conjunction 
with conventional CT scans involving X-rays [ 19 ], which lead to even higher 
accumulation of harmful radiation. Prolonged exposure to such strong ionizing 
radiation levels is often linked to additional medical complications to the patients on 
top of their pre-existing conditions. This makes MRI the only viable tool available for 
patients requiring multiple diagnostic scans within short time frames. In terms of 
health concerns, it can be seen that MRI is the most favored among the advanced 
imaging techniques, and thus there is enormous value in the advancement of this 
technology. Furthermore, the potential of MRI can be expanded by taking advantage of 
its ability to utilize many forms of clinically relevant processes for obtaining image 
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frequency (RF) pulse is then applied to the region of interest, which excites the 1H 
spins causing them to tilt and precess about the longitudinal axis (Z). The resultant 
signal, characterized by the relaxation behaviour of the spins, can then be recorded 
using a RF receiver. This relaxation process begins upon termination of the RF pulse, 
which involves the re-alignment of the spins parallel to the main field (Z-direction) 
with a time constant of T1. Another time constant, T2, can also be recorded according 
to the decay of the signal strength in the X-Y transverse plane as the spins lose phase 
coherency. The physical mechanisms behind the T1 and T2 times shall be further 
elaborated in the following sub-sections. For now, it is best to bring our attention back 
to Figure 1-2 and be aware of another critical design in the MRI system. This involves 
magnetic gradients being induced in the main field of the MRI magnet. The magnetic 
gradient is achieved by two additional magnetic coils in the X and Y directions to bend 
the Z-field. The purpose of the magnetic gradients is to enable the location of spins at 
different coordinates in space, allowing the construction of a 3D spatial image. Each 
point in space is called a voxel (volumetric pixel), in which the difference in spin 
densities among voxels containing different tissue types enables imaging of well-
defined 3-D tomographic images using MRI. 
MRI has gained great popularity because it is non-invasive, and provides high 
spatial resolution and penetration depth for obtaining detailed internal cross-sectional 
images of living organisms. However, a major obstacle to the advancement of the 
current MRI technology is its relatively low-signal sensitivity [22], which limits its 
ability to differentiate close tissue types. Hence, a great deal of research has been 
performed and reported on the development of MRI contrast agents (CAs) to enhance 
the image contrast. [23,24] As governed by the two dominant relaxation processes (T1 
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and T2) of protons in a magnetic field under pulsed excitation, there are also two main 
types of MRI CAs, namely the T1 and T2 contrast agents. 
1.2.1 T1 CONTRAST EFFECT 
T1 is the time taken for proton spins to re-align with the longitudinal field (Z-direction) 
following the application of a transverse (90o) RF pulse. Excited protons are at a high 
energy state and must release the energy to restore the lower energy state of 
equilibrium. As illustrated in Figure 1-3, T1 is conventionally defined as the time taken 
for 63.2% of the longitudinal magnetization to be restored. 
 
 
Figure 1-3: Schematic showing the determination of T1 as the time taken for the 
recovery of 63.2% of the longitudinal magnetization (Mz). 
 
The speed of recovery of the longitudinal magnetization, Mz, is mainly 
dependent on spin-lattice interactions, which is dependant on the efficiency of energy 
transfer from excited protons to the surrounding lattice. Signal intensity in MRI is 



















intensity increases with increasing R1. Protons that relax rapidly exhibit short T1 and 
produce strong signal intensities. The introduction of CAs has the effect of further 
reducing T1. In general, this is referred to as positive contrast because it generates 
bright spots in a dark background. Magnetic pulse sequences that improve sensitivity 
to changes in T1 are referred to as T1-weighted scans. 
Typical T1 contrast agents are paramagnetic molecular complexes, commonly 
in the form of gadolinium(III) metal complexes. Gadolinium(III) has proven to be the 
most effective in T1-weighted MRI due to its large number of unpaired electrons in the 
f-orbital (seven unpaired electrons). [25] However, gadolinium is a heavy metal that is 
known to be toxic to the human body. Since 1997, gadolinium compounds in the 
human body have been linked to a serious disease known as nephrogenic systemic 
fibrosis (NSF). [26] Furthermore, the gadolinium compounds are excreted from the 
body through the renal pathway, and thus patients with deficient kidney functionality 
must refrain from intake of such agents. Hence, the dosage levels of gadolinium-based 
CAs must be kept to a minimal. Another major development in T1-weighted imaging is 
CAs based on the manganese(II) chelates and manganese(II) oxide particles. 
Manganese(II) with five unpaired electrons in the d-orbital also exhibits substantial T1 
relaxivities. However, the reported manganese-based CAs have so far provided much 
weaker contrast as compared to the gadolinium-based CAs. [27] 
1.2.2 T2 CONTRAST EFFECT 
T2 characterizes the exponential decay time of the transverse magnetization (X-Y plane) 
after the application of a transverse RF pulse. As illustrated in Figure 1-4, T2 is 
conventionally defined as the time taken for transverse magnetization to be reduced to 




Figure 1-4: Schematic showing the determination of T2 as the time taken for the loss of 
63.2% of the transverse magnetization (Mxy) due to dephasing of the spin precessions. 
 
The decay in transverse magnetization, Mxy, is due to the precessing spins 
losing phase coherency as a result of each spin undergoing a slightly different 
precession frequency. The angular frequency of the precessing spin is known as the 
Larmor frequency: 
 ω = – γB --- (Eqn 1) 
where ω is the angular frequency, γ is the gyromagnetic ratio of the proton, and B is 
the local magnetic flux density. γ is a constant for the same type of proton and so ω 
relates proportionately with B. From Eqn 1, it can be seen that the precessing 
frequency of the spins is affected by the local field inhomogeneities. Therefore, if 
strongly magnetized particles were to be introduced to the system, the local magnetic 
flux density would be perturbed sufficiently to cause a substantial shift in the Larmor 
precession frequency. As a result, protons passing through the region of high magnetic 

















coherence is characterized by  and signal intensity in MRI decreases with 
increasing R2. This is referred to as negative contrast as it generates dark spots in an 
otherwise bright background. If the relaxation time accounts for both intrinsic and 
extrinsic effects of field inhomogeneities, it is termed T2*, which is related to T2 by the 
equation: 
  --- (Eqn 2) 
where T2,int is the intrinsic T2 effect, and T2,ext is the extrinsic T2 effect caused by 
exogenous agents. Therefore, materials exhibiting strong magnetics field that distort 
the magnetic flux of the local environment could act as higly effective T2* contrast 
agents. 
Superparamagnetic iron oxide nanoparticles (SPIONs) are currently the front-
runners as T2 contrast agents ever since preclinical trials began more than two decades 
ago. [28,29] Superparamagnetic nanoparticles are materials that exhibt high magnetic 
susceptibilities but lose their magnetic alignment in the absence of a magnetic field. 
Therefore, they do not clump together as regular magnets do, and hence, can be made 
into stable colloidal dispersions with suitable surface modification, which is an 
important characteristic for fluidic applications. SPIONs are ideal T2 contrast agents 
due to their strong magnetization, which means they exhibit high magnetic relaxivities 
that significantly improve sensitivity for MRI imaging even at low concentrations. 
SPIONs have been routinely used as CAs for mononuclear phagocyte system organs, 
such as the liver, spleen, and the lymph nodes. Unfortunately, due to the negative 







that are often difficult to differentiate from other naturally occurring dark spots caused 
by bleeding, calcification, air pockets or at tissue interfaces. 
Fortunately, the MRI technique is not limited to the measurement of these two 
fundamental time constants (T1 and T2) only. Other processes related to the nuclear 
magnetic resonance can also be used for novel spectroscopic imaging functionalities. 
The following section is dedicated to introducing the evolution of novel contrast agents 
in MRI. 
1.3 ADVANCES IN CONTRAST AGENTS FOR MAGNETIC RESONANCE 
IMAGING 
Current MRI techniques used in clinics are monochromatic in nature. Unlike optical 
imaging platforms that can provide colour-coded images, diagnostic imaging using 
MRI has relied only on local image brightening or darkening effects. Consequently, 
the amount of useful diagnostic information acquired by MRI is limited. However, due 
to the versatility of the MRI technique, many promising applications were proposed 
for generating alternative contrast effects in MRI. Novel mechanisms such as off-
resonance saturation imaging, CEST imaging, heteronuclei imaging, and magnet field-
induced MR spectroscopic imaging have been reported. For decades, the development 
of these novel MRI methods has been a very attractive research topic in MRI but so far 
little progress has been made in terms of clinical usefulness. The following sub-
sections provide a brief summary of the evolution of advanced contrast effects for MRI. 
1.3.1 OFF-RESONANCE SATURATION CONTRAST ENHANCEMENT 
As explained earlier in section 1.2.2, MR imaging using T2-weighted sequences 
induces negative contrast effects in the images such that dark spots are observed in a 
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bright background. However, this is disadvantageous as it is difficult to quantify dark 
regions and it is also obscured by other naturally occurring artefacts. Several recent 
studies have reported new imaging techniques to obtain positive contrast effects from 
SPION-based CAs instead, which could potentially improve the diagnostic capability 
of these agents. For example, Zurkiya et. al. have reported an off-resonance saturation 
(ORS) method to produce positive contrast using SPIONs. [30,31] The off-resonance 
frequency here refers to a frequency that is different from that of the main water peak 
(on-resonance frequency) in the bulk system. By applying off-resonance pulses to 
excite the water protons, an alternative contrast mechanism was made possible for 
SPIONs. 
ORS takes advantage of the fact that SPIONs alter the local magnetic field 
around each particle. As described in section 1.2.2, local field inhomogeneities 
generate a broad range of precession frequencies in the water protons within the 
SPION’s field of influence. This broadening effect expands the window of frequencies 
that could be utilized for MR manipulation. The application of an off-resonance pulse 
causes saturation of water protons that resonate at that particular off-resonance 
frequency. Continuous diffusion of protons in and out of the SPIONs’ field of 
influence results in a partial saturation of the affected volume, depending on the 
position of the off-resonance frequency pulse, bandwidth, and diffusion rate of the 
water protons. The saturation that occurs at this off-resonance frequency leads to a 
corresponding reduction in the main water peak. The ORS effect is dependent on the 
water diffusion rate because continuous exchange of protons would result in 
amplification of the off-resonance signal. Using this method, the subject is imaged 
with and without the presence of an ORS pulse. The positive contrast created is then 
obtained by taking the difference in signal intensities between the two images. The 
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reduction in the main water peak signal is observed only where SPIONs are 
accumulated, which proves that the ORS pulse only affects protons that interacted with 
the SPIONs. ORS is a relatively new method in MRI that has shown to enhance 
contrast for the detection of cancer-specific biomarkers by superparamagnetic 
nanoprobes in vivo. However, this method ultimately exhibits the same problem as 
conventional T2-weighted images in that it causes a signal reduction which is 
ineffective at sites that exhibit a naturally dark contrast. 
1.3.2 CHEMICAL EXCHANGE SATURATION TRANSFER (CEST) 
Another approach to generating off-resonance saturation contrast in MRI is called 
chemical exchange saturation transfer (CEST). [32,33] This technique is based on the 
chemical shift of water protons (1H) and generally relies on the dynamic chemical 
exchange processes that occur in biological tissues. CEST basically takes advantage of 
the transfer of saturated 1H spins into the bulk water proton pool, which leads to a 
decrease of net magnetization and is detected as a peak reduction in MRI. The first 
CEST agents are biomolecules with exchangeable –NH and –OH protons that can 
induce the 1H chemical shift. If a pre-saturation pulse at the particular off-resonance 
frequency is applied, these protons are saturated which reduce the signal from the bulk 
water pool. The MR image taken following the pre-saturation stage would result in a 
darkened contrast for the regions affected by the CEST agents. A second control image 
is then acquired that is pre-saturated with the negative off-resonance frequency of the 
same amplitude. The control image does not exhibit the CEST effect because it is 
outside of the CEST spectral range, and thus magnetization of the bulk water pool is 
not affected. Similar to the ORS technique described in section 1.3.1, the difference in 
intensity of the two images are calculated to obtain the positive contrast effect, which 
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is due to the presence of the CEST agents. CEST has the slight advantage over the 
ORS technique because it does not involve the use of magnetic elements. This means 
that CEST agents do not cause T2* darkening effect even at high concentrations. CEST 
is also capable of multi-frequency MRI imaging because multiple agents that induce 
different chemical shifts can be used simultaneously. In this way, the different agents 
can be selectively imaged during the same session by turning on and off each agent 
using the appropriate pre-saturation frequency. Despite these advantages, the CEST 
technique suffers a major drawback which is the relatively high concentration of CEST 
agents required to obtain an appreciable effect. The concentration levels required are 
generally two orders of magnitude higher than typical T1 or T2 contrast agents, which 
could lead to problems in terms of toxicology. [32] At the same time, this method 
shares the same problem with ORS in that it causes a signal reduction and is therefore 
ineffective at sites that naturally exhibit a dark contrast. 
1.3.3 HETERONUCLEI MAGNETIC RESONANCE SPECTROSCOPY IMAGING 
Clinical MRI commonly involves the imaging of water protons (1H) because of their 
high abundance in biological tissues. However, MRI need not be restricted to the 
detection of 1H only. All elements that possess an odd number of protons, such that 
they exhibit a net magnetic moment and angular momentum, can be detected by NMR 
spectroscopy. For instance, 13C, 31P, and 19F are possible candidates for application in 
MRI spectroscopy imaging. These heteronuclei are useful because their NMR spectral 
signature can be used for contrast sensitization due to their low natural abundance in 
the biological tissues. This means that the background noise is effectively absent when 
detecting nuclei other than 1H. 
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Following this concept, magnetic resonance spectroscopic imaging (MRSI) can 
be used as an alternative technique for improving contrast in MRI. [ 34 ] MRSI 
combines the chemical analytical ability of NMR spectroscopy and the 3D imaging 
capabilities of MRI. In MRSI, anatomical and biochemical information is obtained in 
parallel. In this way, the chemical shift spectra can be tagged onto individual voxels to 
map the location of biochemical species in the body. [35] Due to the ability of MRSI 
to identify the presence of molecules within voxels, many studies have been reported 
using it to aid in the diagnosis of cancer and to characterize abnormal tissues. 
[36,37,38] Currently, MRSI has been successfully employed in preclinical trails for the 
diagnosis of brain, breast and prostate cancer through identification of various 
biochemical markers of cancer tissues. [39,40] However, chemical tagging of these 
heteronuclei to nanoprobes remains a challenge and relatively high concentrations are 
also required for effective spectral resolution of the chemical species. 
1.3.4 MAGNETIC FIELD-INDUCED MAGNETIC RESONANCE SPECTROSCOPIC 
IMAGING 
More recently in 2008, Zabow et al. reported in Nature a brand new form of 
particulate CAs in MRI. [41] The CAs are magnetic structures specially designed to 
disrupt magnetic fields at the microscopic level. Hence, micrometer-sized magnetic 
structures were fabricated in the form of open double-disks, with the disks being held 
apart by either a central post or three outer posts. Then in 2009, Zabow et al. further 
developed another type of magnetic structure in the form of cylindrical nanoshells that 
could produce the same effect. [ 42 ] These unique structures create microscopic 
localized regions of homogeneous magnetic fields that are distinct from that of the 
macroscopic environment. Unlike typical MRI contrast agents that only generate 
image contrast by shortening the T1 or T2 relaxation times of water protons, these new 
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contrast agents work by inducing a unique shift in the resonant Larmor precession 
frequencies. It was shown that water molecules passing through magnetic fields within 
the open spaces between the double-disks or the hollow cylinders exhibited distinct 
spectral shifts in NMR frequencies. Substantial shift was observed in the 1H resonance 
frequency of water and was shown to be the result of geometric effects of the magnetic 
microstructures instead of chemical effects. As a result, it was demonstrated that the 
different NMR spectral shifts could be color-coded to enable the acquisition of multi-
spectral MRI images. This work showed great promise in kick-starting the 
development of multiplex MRI technology. However, these micro-machined particles 
have two main shortcomings that need to be addressed before they can be considered 
suitable for in vivo biological applications. The first is the size of the particles, which 
should preferably be scaled from the micrometer size down to the nanometer size 
range. The second is the type of material (nickel) used to fabricate the micro-particles, 
which is also known to be poisonous to man. 
In this thesis, an alternative structural design and fabrication method is 
proposed to mediate both of these problems to make the magnetic particles suitable for 
use in the biological setting. The experimental design will be discussed in detail in the 
following section. 
1.4 PROJECT MOTIVATIONS AND DESIGNS 
MRI has come a long way since the first image that was acquired based on NMR was 
reported nearly 30 years ago. [43] A wide variety of contrast agents have since been 
proposed to enhance image contrast in MRI as described in sections 1.2 and 1.3. Iron 
oxide nanoparticles, in particular, are one of the most intensely researched materials in 
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MRI both for its unique strong magnetic properties and good biocompatibility. The 
biocompatibility safeness of iron oxide particles is evident as it has been administered 
intravenously for over 60 years ever since it was first used for treatment of anemia. [44] 
In fact, clinical developments of T2 contrast agents are based on FDA-approved iron 
oxide CAs. [24,45] Dextran-coated iron oxide particles, such as Feridex, Combidex 
and Resovist, have been used as conventional T2 MRI contrast agents in clinical 
imaging and molecular imaging in the past 20 years. [46,47] 
One issue that needs to be addressed here is the dosage level of the CAs 
required for detection. Although iron oxide particles fall in the class of biocompatible 
materials, they do lead to some deleterious effects on physiological functions if 
administered in large doses. [ 48 ] Hence, there remains a strong need to further 
improve the performance of CAs so that dosage levels can be further reduced. The 
most notable shortcomings in conventional T2 contrast agents are the result of the iron 
oxide particles being prepared by hydrolytic synthetic routes. [49] The hydrolytic 
synthetic routes have several intrinsic drawbacks, which include broad particle size 
distributions and relatively low crystallinity of the nanocrystals. [50] This leads to 
relatively poor magnetic qualities, which in turn results in low MR signal enhancement. 
Hence, it is favourable to shift the focus onto non-hydrolytic synthetic routes such as 
thermal decomposition methods that were established by Alivisatos [ 51 ], Hyeon 
[52,53], Peng [54], and Sun. [55,56] The magnetic nanoparticle characteristics that 
needed to be optimized are as follows: 
 Homogeneous shape and morphology 
 Uniform particle size and narrow size distribution 
 Superparamagnetism and high saturation magnetization 
18 
 High colloidal stability 
 Biocompatibility 
These are qualities that will boost the intrinsic performance of the SPIONs. 
With stronger magnetization, SPIONs become more efficient at dephasing the spins of 
surrounding water protons, and hence, greatly reduce the T2 relaxation time. Therefore, 
an important section of this work was dedicated to synthesizing SPIONs with high 
magnetization and good size uniformity for further studies in MRI. 
However, the as-synthesized SPIONs are hydrophobic to begin with. To make 
them suitable for biological applications, the SPIONs need to be phase transferred 
from the original non-polar solvent into water. [57,58] To achieve the phase transfer, 
the adaptation of a nanogel encapsulation process was proposed. Nanogels have been 
reviewed in literature to be highly versatile nano-size carriers with great potential for 
use in pharmaceutical and biological applications. [59,60] Therefore, this process 
could be used to both provide good water stability to the SPIONs and also to form 
interesting composite nanostructures. 
The choice of the polymeric material is also important. A polymer with suitable 
chemical functionality should be chosen for easy conjugation with other functional 
moieties to the particles. For example, fluorescent dye molecules can be added to the 
nanospheres for optical tagging, or a targeting ligand could be added to act as a 
biomarker for specific cells and tissues. The polymer is also required to exhibit a 
suitable amphiphilicity as the nanogel matrix must be sufficiently stable to physically 
bind the nanoparticles together. Yet the nanogel matrix should allow a certain amount 
of water affinity towards the embedded nanoparticles, which could be an important 
factor in MRI contrast agents. 
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One may question the usefulness of fabricating large composite aggregates 
from the individual SPIONs. However, studies have pointed to the fact that efforts in 
developing imaging probes are shifting to the formation of secondary macrostructures 
of nanocrystals, either through self-assembly [61,62] or direct solution growth [63] 
methods. The establishment of secondary structures of nanocrystals holds three main 
advantages. 
1. Multifunctionality: To combine of the properties of individual nanoparticles while 
retaining the unique size-dependent properties of nanocrystals (e.g. 
superparamagnetic nanoparticles and quantum dots). 
2. Greater effective magnetization: To transport to a target site an amount of iron that 
is larger than that by monodispersed SPIONs (e.g. for faster magnetic dephasing). 
3. Size control: To obtain a flexible range of particle sizes for different engineering 
applications (e.g. for long circulation half-life in in vivo applications). 
Another major problem to be addressed in this thesis is the monochromatic 
nature of MR images. Traditionally, T2-weighted imaging sequences only generate 
gray-scale images that provide limited amounts of information. Hence, it is often 
difficult to perform accurate diagnosis using conventional MRI. As described in 
section 1.3.4, the magnetic resonance spectroscopic imaging technique introduced by 
Zabow et al. proposed a way to make multi-spectral MRI possible. However, the 
contrast agents reported in literature have so far been fabricated using micromachining 
techniques, which are too large to be used in biological applications. Furthermore, the 
microfabricated particles are made of nickel, which is a known toxic metal. The 
micromachining techniques are currently not able to fabricate the magnetic structures 
down to the nanoscale while maintaining the required structural regularity. Therefore, 
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it is of great interest to explore alternative routes to fabricating similar CAs in the 
nanometer size range. The proposed design should emulate the unique structural 
symmetry that generates the local homogeneous magnetic fields and also make use of 
materials that are more biocompatible. In this case, the choice of the more 
biocompatible iron oxide-based magnetic particles resolves the toxicology issue. 
1.5 RESEARCH OBJECTIVES 
The research work was primarily focused on the synthesis of superparamagnetic 
nanostructures and to study their magnetic properties for enhancing MRI contrast 
effects. The research objectives were broken down as the following main points. 
 To synthesize high quality superparamagnetic nanoparticles with high 
magnetization and narrow size distribution. 
 To synthesize a suitable amphiphilic copolymer as the surfactant and binder of 
the hydrophobic nanoparticles. 
 Efficient phase transfer of the hydrophobic nanoparticles into water and achieve 
high colloidal stability. 
 To fabricate well-defined spherical composite nanostructures by the combination 
of magnetic nanoparticles and polymeric material, with good morphological 
control in terms of size and magnetic loading. 
 To investigate and evaluate the magnetic properties of the composite 
nanostructures in relation with magnetic loading and particle separation. 
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 Enhancing T2 contrast effects of conventional superparamagnetic nanoparticles 
using the nanocomposite structure. 
 Optical tagging of magnetic nanocomposites by conjugation of fluorescent dye 
for multi-modal imaging application. 
 To investigate the 1H NMR shift of water protons caused by the magnetic 
nanostructures in relation to the structure, composition, and water absorption 
behavior. 
 Application of magnetic nanostructures for off-resonance MR spectroscopic 
imaging. 
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CHAPTER 2: EXPERIMENTAL 
This chapter describes and details the materials, methodologies and characterization 
techniques used for all the experiments in this thesis. The information here is provided 
as supporting information to the results and discussions in Chapters 3, 4, 5, and 6. 
2.1 MATERIALS 
Poly(isobutylene-alt-maleic anhydride) (PBMA; Mw ~6,000, 85%), 1-dodecylamine 
(C12; 98%), methoxy poly(ethylene glycol) (mPEG; Mn ~2000Da), fluoresceinamine 
(FC), and poly(vinyl alcohol) (PVA; average Mw 31,000-50,000, 87-89% hydrolyzed) 
were obtained from Aldrich. Iron(III) acetylacetonate (Fe(acac)3; 97.9%), 
manganese(II) acetylacetonate (Mn(acac)2; 97%), oleic acid, oleylamine (70%), and 
dodecyltrimethylammonium bromide (DTAB) were purchased from Fluka. 1,2-
Hexadecanediol (70%), phenyl ether, benzyl ether (99%), 1-dodecanethiol, 
tetrahydrofuran (THF; 99.9%), silver nitrate (AgNO3), and sodium borohydride 
(NaBH4) were purchased from Aldrich. Hexane (J.T. Baker, 99.0%) and chloroform 
(Fisher Scientific; 99.99%) were used as received. Cell Counting Kit-8 (CCK-8) was 
purchased from Dojindo Molecular Technologies, Inc. Resovist© (Schering, 0.5 M [Fe]) 
was kindly gifted from Yong Loo Lin School of Medicine (NUS). 
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2.2 MATERIALS SYNTHESIS 
2.2.1 SYNTHESIS OF 4 NM FE3O4 NANOPARTICLES 
The synthesis of SPIONs followed the procedures as reported by Sun et al. [56] This 
synthetic process involves the high temperature decomposition and reduction of an 
organo-iron precursor, followed by nucleation and growth of the oxide crystals. 
Basically, the organo-iron precursor, iron(III) acetylacetonate, is heated to initiate the 
reaction with oleic acid to form an intermediate compound called iron oleate. The 
mixture is then heated to an even higher temperature to cause the dissociation of iron 
oleate. In a slightly reducing environment, the Fe ions are partially reduced to form a 
mixture of Fe2+ and Fe3+ ions and will nucleate and eventually grow to form the Fe3O4 
nanocrystals. 
Using this process, monodisperse Fe3O4 nanocrystals with 4 nm core diameters 
were synthesized using the basic formulation: Fe(acac)3 (4 mmol), 1,2-hexadecanediol 
(20 mmol), oleic acid (12 mmol), oleylamine (12 mmol), and phenyl ether (40 mL) 
charged into a three-neck round bottom flask. The reaction flask was purged with 
nitrogen gas for 15 min under moderate heating at 100 oC to remove moisture. The 
temperature was then raised to 200 oC and held at this temperature for 30 min to form 
the intermediate precursor and initiate the nucleation process. Finally, the reaction 
mixture was refluxed at 265 oC for 30 min to allow the nanocrystals to grow. The 
black mixture was cooled and washed by repeated dispersion and precipitation using 
hexane and ethanol, respectively. The final product was dispersed completely in 
chloroform (50 mg·mL-1) and the resultant ferrofluid was sealed in a glass vial for 
storage. 
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2.2.2 SYNTHESIS OF 7 NM FE3O4 NANOPARTICLES 
The synthesis of SPIONs with 7 nm core diameter followed the procedures similar to 
the synthesis of 4 nm SPIONs in section 2.2.1. Slightly higher temperatures and longer 
reaction temperatures were used to obtain the larger nanoparticle size. To achieve a 
higher reaction temperature, benzyl ether was use in place of phenyl ether because of 
its higher boiling point. Monodisperse Fe3O4 nanocrystals were synthesized using the 
basic formulation: Fe(acac)3 (4 mmol), 1,2-hexadecanediol (20 mmol), oleic acid (12 
mmol), oleylamine (12 mmol), and benzyl ether (40 mL) charged into a three-neck 
round bottom flask. The reaction flask was purged with nitrogen gas for 15 min under 
moderate heating at 100 oC to remove moisture. The temperature was then raised to 
200 oC and held at this temperature for 2 h. Finally, the reaction mixture was refluxed 
at 300 oC for 1 h to allow the nanocrystals to grow. The black mixture was cooled and 
washed by repeated dispersion and precipitation using hexane and ethanol, 
respectively. The final product was dispersed completely in chloroform (50 mg·mL-1) 
and the resultant ferrofluid was sealed in a glass vial for storage. 
2.2.3 SYNTHESIS OF MNFE2O4 NANO-OCTAHEDRONS 
The synthesis of MnFe2O4 nano-octahedrons followed closely the procedures as 
reported in the article by Li et al. with some modification. [64] In this synthetic route, 
the temperature and reaction times were kept constant. Instead the precursor 
concentrations (Fe(acac)3 and Mn(acac)2) were varied. For example, MnFe2O4 
nanoparticles (average particle size = 18 nm) with octahedron morphology were 
synthesized in a one-pot reaction using the basic formulation: Fe(acac)3 (8 mmol), 
Mn(acac)2 (4 mmol), oleic acid (28 mmol), and benzyl ether (35 mL) were charged 
into a three-neck round bottom flask. The reaction flask was purged with nitrogen gas 
25 
for 15 min under moderate heating at 100 oC to remove moisture. The temperature was 
then raised to 165 oC and held at this temperature for 30 min. Finally, the reaction 
mixture was refluxed at 280 oC for 30 min to allow the nanocrystals to grow. The 
black mixture was cooled and washed by repeated dispersion and precipitation using 
hexane and ethanol, respectively. Large particles were ferromagnetic and could be 
simply removed by magnetic separation. The final product was dispersed completely 
in chloroform (50 mg·mL-1) and the resultant ferrofluid was stored in a sealed glass 
vial. To achieve smaller particles a lower precursor concentration was used, and vice 
versa. 
2.2.4 SYNTHESIS OF SILVER NANOPARTICLES 
Silver nanoparticles surface-stabilized by 1-dodecanethiol were synthesized by 
emulsion precipitation of AgNO3, according to a previously reported procedure. [65] 
Firstly, an aqueous phase of AgNO3 solution (30 mL, 0.03 M) was mixed with the oil 
phase of DTAB dissolved in toluene (20 mL, 0.2 M) and then stirred vigorously for 1 h. 
The oil phase became saturated with Ag+ ions and 1-dodecanethiol (150 μL) was 
added to the emulsion. After stirring for 15 min more, the Ag+ ions were reduced by 
adding an aqueous solution of NaBH4 (24 mL, 0.42 M). The Ag nanoparticles were 
observed to form almost immediately as recognized by the colour change from pale 
yellow to dark green. The mixture was stirred for another 30 min. At the end of the 
reaction, the top aqueous phase was removed and discarded after centrifugation. The 
Ag nanoparticles dispersed in the toluene phase were extracted by adding ethanol and 
centrifugation (6000 rpm, 10 min). The Ag nanoparticles were re-dispersed in hexane 
and the large particles were removed by centrifugation (6000 rpm, 10 min). The stable 
Ag nanoparticles remained in solution and were extracted by addition of ethanol again. 
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After several cycles of purification and extraction, the Ag nanoparticles were dispersed 
in chloroform (50 mg·mL-1) for the encapsulation experiments. 
2.2.5 SYNTHESIS OF FUNCTIONAL AMPHIPHILIC BRUSH COPOLYMER 
To synthesize the amphiphilic brush copolymer, the prepolymer PBMA was grafted 
with 1-dodecylamine (C12), which followed closely to the previously reported 






















To obtain 75% conversion of the anhydride rings of PBMA, the following 
protocol was used. In a cap-sealed conical flask, PBMA (1 g, 6.5 mmol anhydride 
rings) and 1-dodecylamine (0.9 g, 75 mol% anhydride rings) were mixed in THF (15 
mL), wherein PBMA was initially insoluble. The reaction flask was then heated to 50 
oC and the reaction was observable within minutes by the solubilization of PBMA to 
form a clear solution. The reaction mixture was incubated overnight at 50 oC to ensure 
complete reaction. The final product, PBMA-g-C12, was extracted by solvent 
evaporation and then dried in vacuo at room temperature for 2 days to obtain an off-
white powder. To obtain other copolymers with different grafting densities, the mol% 
of C12 could be varied accordingly in the reaction scheme described above. The 
chemical structure of the copolymer was verified using 1H NMR and FT-IR analysis. 
2.2.6 SYNTHESIS OF FLUORESCENT AMPHIPHILIC BRUSH COPOLYMER 
To synthesize the fluorescent amphiphilic copolymer, a procedure similar to that 
described in section 2.2.1 was used, except that the initial reaction mixture included 































Figure 2-2: Reaction scheme for the synthesis of the fluorescent amphiphilic 
copolymer PBMA-g-(C12/FC). 
 
In a cap-sealed conical flask, PBMA (1 g, 6.5 mmol anhydride rings), 1-
dodecylamine (0.9 g, 75 mol% anhydride rings), and fluoresceinamine (0.113 g, 5 mol% 
anhydride rings) were mixed in THF (15 mL), wherein PBMA was initially insoluble. 
The reaction flask was then heated to 50 oC and the reaction was observable within 
minutes by the solubilization of PBMA to form a clear yellowish solution. The 
reaction mixture was incubated overnight at 50 oC to ensure complete reaction. The 
final product, PBMA-g-(C12/FC), was extracted by solvent evaporation and then dried 
in vacuo at room temperature for 2 days to obtain a yellow powder. 
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2.2.7 SYNTHESIS OF PEG-CONJUGATED AMPHIPHILIC BRUSH COPOLYMER 
The synthesis of PBMA-g-(C12/PEG) involved a two-step process. The first step was 
an acid-catalyzed reaction between PBMA and mPEG, which followed closely to 

















THF + HCl 65 oC, 12 h
0.25n
 
Figure 2-3: Reaction scheme for the synthesis of PEG-conjugated amphiphilic 
copolymer PBMA-g-PEG. 
 
To obtain approximately 25% conversion of anhydride rings, PBMA (1 g, 6.5 
mmol anhydride) and mPEG (3.25 g, 25 mol% anhydride rings) was mixed in THF (45 
mL) and heated at 65 oC in a conical flask equipped with a condenser column. Fuming 
HCl (10 M, 25 drops) was added to the mixture and then left to stir under reflux. The 
reaction was observable after several hours of heating with the solubilization of PBMA 
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to form a clear solution. The reaction was left to continue for 12 h to ensure complete 
reaction. After the reaction was stopped, the solution was neutralized using 1 M 
sodium hydroxide solution and the copolymer was purified by precipitating in cold 
anhydrous diethyl ether. The product (PBMA-g-PEG) was then extracted by 
centrifugation and then dried in vacuo for 2 days to obtain a white powder. The second 
step involved the grafting of 1-dodecylamine to PBMA-g-PEG using the same 
procedure in section 2.2.1 to obtain PBMA-g-(C12/PEG) composed of 75 mol% C12 
and 25 mol% PEG. 
2.3 PHASE TRANSFER OF SINGLE HYDROPHOBIC NANOPARTICLES 
The hydrophobic SPIONs or MFNs were phase-transferred to water using the 
amphiphilic copolymer PBMA-g-C12 as surfactant. To achieve well-dispersed 
hydrophilic nanoparticles, a large surfactant/nanoparticles ratio was used to prevent the 
aggregation of the SPIONs. In a typical process, SPIONs (5 mg) and PBMA-g-C12 
(25 mg) were dispersed in chloroform (1 mL). The solvent was evaporated and then 
dried in vacuo for 1 day to obtain a completely dried SPION@polymer composite film. 
The film could be re-dissolved in water (5 mL) through the coordination of the 
amphiphilic copolymer around the hydrophobic SPIONs to form a stable colloid. To 
attain complete dispersion of the SPIONs, aqueous sodium hydroxide (1 mL, 0.1 M) 
was added. Sodium hydroxide acted as an effective hydrolyzing agent to solubilize the 
excess surfactants and to break up any clusters caused by excess surfactants. The 
copolymer chains that intercalate directly on the nanoparticles surface remained stable 
to form a secondary coating. The product was a clear colloidal solution of SPIONs. 
The particles were purified by dialyzing against Millipore water for 3 days in a dialysis 
sac (molecular weight cut-off = 12,000 Da). 
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2.4 PREPARATION OF NANOPARTICLE/POLYMER SPHERICAL 
NANOCOMPOSITES 
The formation of polymeric nanospheres was achieved by the combination of mini-
emulsion and solvent evaporation techniques. [ 68 ] Individual stock solutions of 
PBMA-g-C12 (20 mg·mL-1) and nanoparticles (50 mg·mL-1) in chloroform were 
prepared. The amounts of nanoparticles loaded into the final nanospheres were 
controlled typically by varying the ratio between the amounts of PBMA-g-C12 and 
nanoparticles used in the mini-emulsion. 
 
 
Figure 2-4: Schematic illustration for the formation of nanospheres via the oil-in-water 
emulsion. The polymer and nanoparticles were initially dispersed in the oil phase. 
Ultrasonication breaks the oil into minute droplets, which act as the spherical template 
for the condensation and formation of the nanospheres in the water medium. 
 
The set-up of the emulsion system is illustrated in Figure 2-4. Predetermined 
amounts of the polymer and SPIONs stock solutions were mixed together and then 
emulsified with water (10× volume excess, 1 wt% PVA as stabilizer) using a ultrasonic 
homogenizer (SONICS VCX 130 PB) at 20 kHz frequency and 60% amplitude for 5 
min. The ultrasonication was performed in an ice bath to minimize the build-up of heat 












could be formed. The stabilized emulsion was then transferred to an open glass beaker 
and heated at 50 oC under rapid stirring to allow the chloroform to evaporate. The as-
prepared colloids firstly underwent centrifugation at 2000 rpm for 10 min to remove 
unusually large aggregates. The colloid was then purified by centrifugation at 8000 
rpm for 10 min for complete separation of the nanospheres, which were then re-
dispersed in water/methanol (50:50). Purification was repeated at least twice before the 
nanospheres were finally dispersed in water or appropriate aqueous medium for further 
characterizations. 
2.5 CHARACTERIZATION 
2.5.1 CHEMICAL ANALYSIS 
2.5.1.1 1H NUCLEAR MAGNETIC RESONANCE 
1H nuclear magnetic resonance (1H NMR) was performed with a Bruker DPX300 
NMR Spectrometer (Bruker, MA) at 300 MHz. The spectral width was 4789 Hz with 
16 K data points. 5 mg of sample was dissolved completely in CDCl3 or DMSO-d6 (1 
mL) and injected into 5 mm NMR tubes for measurements. Chemical shifts were 
analyzed by referencing to the solvent peak (δ = 7.26 ppm for CDCl3, and δ = 2,5 ppm 
for DMSO-d6). 
For the 1H NMR study performed on the magnetic samples dispersed in water, 
measurements were performed on a Bruker AV500 NMR spectrometer equipped with 
BBO probe. Measurements were done in pure water (non-deuterated solvent), so pure 
deuterium oxide (D2O) was used as a sample to tune and match the probe and pre-shim 
the magnet before measurement of the magnetic samples. The main water peak was 
suppressed by pre-saturation at the on-resonance frequency of the main water peak. 
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2.5.1.2 FOURIER TRANSFORM INFRARED SPECTROSCOPY 
Fourier transform infrared (FT-IR) spectra were recorded on a Varian 3100 FT-IR 
spectrophotometer (Excalibur series, US). Samples were prepared by casting pellets 
from sample/KBr mixtures. The sample chamber was purged for 5 min with dried air 
to remove environmental moisture. 64 scans were signal-averaged with a resolution of 
4 cm-1 at room temperature. 
2.5.1.3 INDUCTIVELY COUPLED PLASMA ANALYSIS 
Inductively coupled plasma (ICP) analysis was performed using a PerkinElmer 
Dualview Optima 5300 DV ICP-OES system (Perkin Elmer, Waltham, MA). 1 mL 
samples were mixed with 0.5 mL of fuming hydrochloric acid (10 M) to completely 
digest all the ferrite cores for the elemental analysis. 
2.5.2 MORPHOLOGICAL STUDY 
2.5.2.1 SCANNING ELECTRON MICROSCOPE 
A field emission scanning electron microscope (SEM XL 30 Philips, Hillsboro, OR) 
was performed to characterize the morphology of the particle samples. The SEM 
samples were prepared by dropping the particle solutions on aluminium stubs and left 
to dry overnight. Before imaging, the samples were sputtered with ~4 nm of gold to 
improve its conductivity for more effective and good quality image acquisition. 
Samples were viewed under an accelerating voltage of 5 kV. 
2.5.2.2 TRANSMISSION ELECTRON MICROSCOPE 
A TEM (JEOL 100CX 2010F, Japan) with accelerating voltage of 200 kV was used to 
investigate the morphology and crystallographic structures of the metal oxide 
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nanoparticles. Selective-area electron diffraction (SAED) patterns of the nanocrystals 
were obtained using TEM at an accelerating voltage of 200 kV. Energy dispersive X-
ray spectroscopy (EDS; INCA, Oxford Instruments, Oxfordshire, UK) was used to 
detect the elemental composition of the metals in the samples. Samples were prepared 
by dropping nanoparticles solution onto carbon-coated copper grids (Cu-400CN, 
Pacific Grid-Tech, San Francisco, CA) and then left to dry on an absorbent filter sheet. 
TEM samples were stored in a vacuum desiccator overnight before use. 
2.5.2.3 DYNAMIC LIGHT SCATTERING 
The hydrodynamic diameters and zeta potential measurements were made using a DLS 
Zetasizer (Malvern Zetasizer Nano-ZS, Worcestershire, UK). Samples were dispersed 
in 1 mL of water or appropriate solvent and sonicated (5 min) and degassed (5 min). 
The particle solutions were injected into 1 mL disposable capillary cuvettes (DTS1060, 
Malvern, UK) for size and zeta potential measurements. Each sample was then inserted 
into the sample holder and equilibrated at 25 oC (or appropriate temperature) for 1 min 
before measurement. 5 sets of time-averaged measurements were taken. A 633 nm He-
Ne laser was used as the light source. 
2.5.2.4 X-RAY DIFFRACTION 
XRD (Bruker AXS D8 Advance Diffractometer System, Germany) was used to study 
the crystalline phase and estimate the crystallite size of the metal oxide nanoparticles. 
Measurements were carried out using a Cu Kα radiation (1.5418 Å) source operated at 
40 kV and 40 mA with a step size of 0.05o and a time per step of 5 s. The crystallite 
size of the nanoparticles was estimated using the Scherrer equation: 
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  -- (Eqn 3) 
where t is the average crystallite size, λ is the wavelength of the X-ray source, and B is 
the full width half-maximum of the diffraction peak. 
2.5.3 MAGNETIC PROPERTIES 
2.5.3.1 VIBRATING SAMPLE MAGNETOMETRY 
Magnetic moments of the SPIONs and magnetic nanocomposites were characterized 
by a vibrating sample magnetometer (LakeShore Model 7407 VSM, Westerville, OH). 
Approximately 5 – 10 mg of vacuum dried powder samples were weighed and 
recorded. The powder was wrapped securely in a non-magnetic aluminium foil and 
folded into the size of 5×3 mm2 packet. Signal calibration was performed using 6 nm 
SPIONs as the standard sample. The samples were first saturated in a 20 kOe magnetic 
field and then cycled from 20 kOe to -20 kOe and back again to 20 kOe at room 
temperature to obtain a hysteresis curve. 
2.5.3.2 SEMICONDUCTING QUANTUM INTERFERENCE DEVICE MAGNETOMETRY 
The Quantum Design Magnetic Property Measurement System (MPMS XL, San 
Diego, CA) using the semiconducting quantum interference device (SQUID) 
technology was useful in measuring the magnetization of the materials as a function of 
temperature and magnetic field. The magnetization against temperature M(T) curves 
were measured in the temperatures range from 5 K to 300 K in the zero-field-cooled 
(ZFC) and field-cooled (FC) regimes. For ZFC measurements, the sample was cooled 
down to 5 K. The magnetic field was turned on and the M(T) curve was obtained as the 






was applied at 300 K and the M(T) curve was obtained as the sample was cooled down 
to 5 K. Liquid helium was used as the coolant. 
2.5.4 OPTICAL PROPERTIES 
2.5.4.1 UV-VISIBLE ABSORPTION SPECTROSCOPY 
UV absorption was measured using a UV-VIS spectrophotometer (Shimadzu UV-1800, 
Kyoto, Japan). Baseline was obtained using standard solutions and measured in the 
range of 350 – 600 nm at 1 nm sensitivity. 
2.5.4.2 PHOTOLUMINESCENCE SPECTROSCOPY 
Photoluminescence (PL) spectra were obtained using a spectrofluororimeter (Perkin 
Elmer LS 55 Fluorescence Spectrometer, Waltham, MA). Samples were dispersed in 
water or appropriate solvents and measured in an open-sized 1 cm path-length quartz 
cuvette. Both emission and excitation spectrums were obtained. 
2.5.5 THERMOGRAVIMETRIC ANALYSIS 
Thermogravimetric analysis (TGA) was performed using a simultaneous DSC/TGA 
instrument (TA Instruments SDT Q600, New Castle, DE). Approximately 5 mg of the 
dried powder sample was loaded into an alumina pan for testing. The chamber was 
purged with N2 gas (10 mL·min-1) and heated from room temperature to 100 oC and 
held at this temperature for 10 min to remove residual moisture. The heating chamber 
was then cooled to room temperature before being heated to 800 oC at 5 oC·min-1 
under the N2 environment. 
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2.5.6 COLLOIDAL STABILITY 
The colloidal stability of the particles was investigated by dispersing them in various 
aqueous media, namely de-ionized water, PBS solution, hydrochloric acid solutions 
(pH 1, 3, 5), and aqueous sodium hydroxide (pH 9, 11 and 13). The particles were also 
incubated in PBS (with 10% BCS) at 37 oC to study the interaction with proteins in a 
serum. Typically, 0.1 mL of magnetic particles (50 μg·mL-1 in water) was mixed with 
0.9 mL of the appropriate solvent. After predetermined time intervals, the stability of 
the particle solutions was assessed by size measurements using DLS. 
2.5.7 WATER ABSORPTION STUDIES 
Two tests were designed to assess the water absorption property of the nanospheres. 
The samples used in these tests were nanospheres fabricated either using PBMA-g-
C12 or poly(styrene)-b-poly(methyl methacrylate) (PS). PBMA-g-C12 and PS were 
chosen as two contrasting polymer matrix, with the former being amphiphilic and the 
latter being completely hydrophobic. In this way the relative water absorption 
properties between the two different copolymers could be compared. 
The first test involved measuring the dry state size of the nanospheres taken 
under the SEM, and then measuring the hydrodynamic size of the nanospheres in water 
using DLS. The size difference between the dry state and hydrodynamic sizes of the 
nanospheres were determined. The size change was compared between nanospheres 
fabricated using PBMA-g-C12 and PS to estimate the relative amounts of swelling that 
occurred between the two types of polymer nanospheres. 
In the second test, silver nanoparticles were encapsulated into the polymeric 
nanospheres instead of iron oxide nanoparticles. Silver nanoparticles were either 
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encapsulated into PBMA-g-C12 (Ag-NC) or PS (Ag-NC-PS). Another sample 
containing of phase transferred monodisperse silver nanoparticles (Ag-NPs) was also 
used for comparison. An aqueous solution containing methylene blue (0.04 mM) and 
the reducing agent sodium borohydride (NaBH4; 10 mM) was used to demonstrate the 
catalytic effect of Ag-NP, Ag-NC, and Ag-NC-PS. For each sample, methylene blue 
(1.5 mL) and NaBH4 solution (1.5 mL) were mixed in a quartz cuvette. Then, the 
nanoparticle samples (1 mL, 1 mM Ag) were added to the methylene blue solutions. 
The catalytic efficiency of silver nanoparticles embedded in the two different 
copolymers was observed by the reduction of methylene blue in an aqueous solution of 
sodium borohydride. The main absorption peak of methylene blue at 680 nm was 
measured using a UV-VIS spectrophotometer. Absorbance was recorded against time 
to determine the rate of reduction of methylene blue with and without the Ag 
nanoparticles. 
2.5.8 CELL VIABILITY ASSAYS 
To assess the potential of magnetic particles as biological probes, cell cytotoxicity 
assays were performed on NIH/3T3 mouse embryonic fibroblast cells as a model 
demonstration. The cells were seeded equally into a 96-well plate at 7500 cells per 
well and incubated for 12 h at 37 oC in 5% CO2 environment. The growth medium was 
removed before the NIH/3T3 cells were treated with the 0.2 mL magnetic particles 
dispersed in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% 
BCS (bovine calf serum) at predetermined particle concentrations. The cell lines were 
incubated with the particles for 24 h. Then 10 μL of CCK-8 solution was added to each 
well and shaken slightly to mix well. After a further incubation time of 3 h, the plate 
was analyzed using a microplate reader by measuring the absorbance at 450 nm. Cell 
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viability of control wells that contained NIH/3T3 cells but were not treated with 
particles were regarded as 100% cell viability. 
2.5.9 CELL LABELLING 
For cell labelling using the fluorescent particles, NIH/3T3 cells were incubated in an 8-
well plate at 37 oC and 5% CO2 environment. After 24 h, the particles (10 μL, 40 
μg·mL-1) were injected into each well. The cell/particle mixtures were then incubated a 
further 24 h. The cell samples were washed to remove free-floating particles that were 
not uptaken by the cells. The cells in the 8-well plate were observed under an Olympus 
Ix2-DSU disk scanning confocal microscope. The fluorescent particles were excited 
using a 430 nm laser and the green emission was observed under the microscope. 
2.5.10 MAGNETIC RELAXIVITY STUDIES 
To evaluate the effectiveness of the magnetic nanocomposites as MRI contrast agents, 
magnetic relaxivities were measured in a 3 Tesla clinical MRI instrument (Siemens 
Magnetom Trio 3T, Malvern, PA) equipped with a head coil. T2*, T2 and T1 relaxation 
times were measured for samples with varying Fe concentrations. T1-weighted images 
were obtained with spin echo sequences (TE: 9.1 ms, TR: 6400 ms - 100 ms). T2-
weighted images were obtained by single echo pulse sequences (6 echoes; TE: 9.1 ms – 
160 ms, TR: 1600 ms). T2*-weighted images of the samples were obtained using a 
gradient echo sequence (8 echoes; TE: 4 ms – 80 ms, TR: 1600 ms). All measurements 
were performed at room temperature. Relaxation rates of each sample were computed 
using the in-house software (MATLAB V7.1) by non-linear least squares fitting of 
appropriate exponential functions (exponential decay and saturation recovery for T2 
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and T1, respectively). Relaxivities were calculated using linear regression analysis 
(Microsoft EXCEL) to correlate relaxation rates and Fe molar concentrations. 
2.5.11 MRI PHANTOM STUDIES 
MRI experiments were conducted in a 9.4 Tesla MRI scanner (Varian, Agilent Inc, 
USA) using a birdcage coil at room temperature. The MRI phantom samples were 
prepared by drawing the samples into 1 mL disposable poly(propylene) syringes. The 
concentration of each sample was 1 mM Fe. Off-resonance experiments were carried 
out using a 2D gradient echo and chemical shift imaging pulse sequence with a 
frequency-selective sinc-shaped pulse. The T2*-weighted image was acquired using a 
gradient echo sequence (TR = 20 ms; TE = 4 ms; flip angle = 20o). The phantom 
samples were excited by RF pulses for 5 ms at a frequency offsets of 0 Hz and ±2000 
Hz from bulk water. The chemical shift image was acquired with spin-echo of spectral 
width of 5000 Hz (TR = 2 s; TE = 6.5 ms). 
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CHAPTER 3: SYNTHESIS OF MAGNETIC 
NANOPARTICLES AND FUNCTIONAL AMPHIPHILIC 
BRUSH COPOLYMER 
This chapter consists of the results and discussions of 3 main experimental parts as 
follows: 
i. Synthesis of monodisperse iron oxide (Fe3O4) nanoparticles. 
ii. Synthesis of high magnetization octahedron manganese ferrite oxide (MnFe2O4) 
nanoparticles. 
iii. Synthesis of functional amphiphilic brush copolymers for encapsulation of the 
magnetic nanoparticles. 
3.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
Ever since superparamagnetism was first predicted in nano-size ferromagnetic 
materials more than 80 years ago, [69] the synthesis and characterization of iron oxide 
nanocrystals, particularly maghemite (γ-Fe2O3) or magnetite (Fe3O4), have remained 
an intensively studied topic. This is mainly due to the high magnetization coupled with 
good biocompatibility of iron oxide, which gives it many potential technological and 
biomedical applications. [70,71,72] Traditionally, T2 contrast agents were iron oxide 
crystals prepared by hydrolytic routes. These materials were characterized as having 
broad particle size distributions and relatively low crystallinity, which implied a lack 
of size control and poor magnetic properties. Theoretical and experimental studies 
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The FCC structure contains two different interstitial sites that can 
accommodate the Fe ions. They are the tetrahedral sites occupied by Fe3+, and the 
octahedral sites occupied by Fe2+ or Fe3+. It is well-known that the magnetic properties 
of inverse spinel structured ferrite XFe2O4 depend on the nature of X2+, where X is an 
arbitrary transition metal element. [76] The Fe3+ ions occupy the tetrahedral and 
octahedral sites in a 1:1 ratio and are anti-ferromagnetically coupled. This coupling 
effect negates all moment contributions from Fe3+, resulting in the net magnetic 
moment of the ferrite being solely dependent on X2+ at the octahedral site. Hence, by 
substituting the X2+ site with an element of higher electron magnetic dipole moment, 
μB, the magnetic susceptibility of the material can be increased. For instance, Fe2+ with 
4 unpaired 3d-electrons contributes a magnetic moment of 4μB. If Fe2+ was substituted 
by an element such as Mn2+ (5 unpaired 3d-electrons), the magnetic moment 
contribution would be higher (5μB). Hence, it can be seen that the magnetic moment 
density of MnFe2O4 is higher than Fe3O4 due to the greater 3d-electron contribution 
from Mn2+. Such substitution can be achieved with only slight modification of the 
synthetic protocol, i.e. by replacing one third of the Fe precursors with an equal 
amount of the Mn precursors to obtain manganese ferrite, MnFe2O4. One may question 
whether the incorporation of Mn into Fe3O4 could bring about undesirable effects to 
the toxicology of the magnetic nanoparticles. However, there are indications that 
MnFe2O4 does not differ much from Fe3O4 in terms of biocompatibility as seen from 
hematological and histological studies on mice. [77] Despite this, the amount of 
information reported in literature on this subject is rather limited. Hence, more 
investigation needs to be done to examine the safety of MnFe2O4 for used in biological 
applications in vivo. For the moment, MnFe2O4 was assumed to be a candidate suitable 
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for replacing Fe3O4 so as to achieve stronger magnetic property without compromising 
biocompatibility. 
Another characteristic that can be controlled is the morphology of the magnetic 
nanocrystal. The FCC structure dictates that the crystal possesses a general sequence 
of surface energies in increasing order, {111} < {100} < {110}, in accordance to their 
respective planar packing densities. [78] This means that the crystals of Fe3O4 and 
MnFe2O4 usually exist as an octahedron surrounded by {111} lattice planes. However, 
the crystal morphology can be tuned by the use of different surfactants that can 
preferentially bind to specific crystallographic faces to restrict crystal growth in 
particular directions. By using different types of organic ligands, such as oleylamine 
and oleic acid, spherical or octahedral shapes of SPIONs could be obtained. The size 
of the nanocrystals could also be controlled simply by varying the reaction 
temperatures or precursor concentrations. Therefore, the chemical, physical and 
magnetic characteristics of the SPIONs could be easily controlled for further studies. 
The nanoparticles synthesized in organic non-polar solutions are highly 
crystalline and has narrow size distribution, but they are stabilized by ligands with 
hydrophobic tail-ends. Therefore, a phase transfer procedure needs to be performed to 
effectively disperse them in water. Two types of methods are usually used to modify 
the nanoparticle coatings. In one approach, ligand exchange reactions are used to 
remove the original hydrophobic coating, and then replacing them with bifunctional 
capping molecules. [79,80] However, the physical properties of the inorganic core, 
such as optical and magnetic properties, are often highly sensitive to the surface states. 
Hence, ligand exchange processes would typically result in a substantial drop in 
performance of the nanoparticles functionality. The other approach involves the 
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encapsulation of nanoparticles in an amphiphilic polymer, through hydrophobic 
interactions of the hydrophobic tail ends, but without replacing the primary coating of 
the nanoparticles. Amphiphilic copolymers, such diblock mPEG-b-PCL [ 81 ] or 
triblock Pluronic F127 [82] are examples of such encapsulation materials. However, 
the particles generally do not exhibit long-term stability in biological settings because 
of relatively weak anchoring of the single hydrophobic tails to the particle surface. 
This problem can be overcome by using copolymers that offer greater versatility for 




Figure 3-2: Schematic diagram illustrating the interleaving of multiple side chains of 
the brush-structured copolymer with the surface ligands of the nanoparticles. Polymer 
chain lengths and density of chains are not drawn to scale. 
 
An alternative model is the brush-structure copolymers, whereby the polymer 
chain accomodates multiple hydrophobic units. [57,83] As illustrated in Figure 3-2, 
multiple hydrophobic tail-groups on the amphiphilic brush copolymer increases the 



















are more numerous sites for interaction and so the binding is stronger than the simpler 
diblock or triblock surfactants. 
Based on such a molecular structural design, the polymeric material chosen 
was an amphiphilic brush copolymer that was derived by grafting alkyl chains to 
poly(isobutylene-alt-maleic anhydride) (PBMA). The chemical grafting was 
performed through a facile nucleophiphilic addition reaction of amine-terminated alkyl 
chains to the maleic anhydride reactive groups present in the polymer backbone. [66] 
The resultant brush-structured copolymer was amphiphilic due to the presence of the 
hydrophobic alkyl side chains and a hydrophilic backbone. This amphiphilic 
copolymer has the ability to encapsulate hydrophobic nanoparticle and stabilize the 
particles in water. It can also be used in the mini-emulsion soft template to form 
spherical nanogels. The choice of this polymeric material holds numerous advantages. 
Firstly, the polymer brush molecules bind very effectively with the nanoparticle 
surface ligands through hydrophobic interactions to form stable structures due to the 
high density of alkyl side chains grafted to the polymer backbone. The amphiphilicity 
of this material can also be tailored very easily by limiting the number of units of 
hydrophobic side-chains to the backbone, or by introducing alkyl chains of different 
lengths. [84,85] Hydrophilic side-chains, such as poly(ethylene glycol) (PEG), can also 
be grafted to the material to further fine-tune the hydrophilicity. Secondly, additional 
functionalities can be incorporated into the nanogels by simple modification of the 
copolymer. [86] For instance, fluorescein, a common biological photoluminescent 
agent was grafted to the copolymer to allow optical tagging using this material. The 
purpose of adding fluorescence was to provide an alternative imaging tool. Optical 
imaging can be utilized in conjunction with MR imaging for bimodal imaging 
purposes, which remains a useful tool in diagnostics research [87,88]. Complementary 
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datasets could also be obtained by bringing together MRI and fluorescence imaging 
functionalities for more accurate diagnostic capabilities. Thirdly, the amphiphilic 
nature of the copolymer would give the nanogel useful swelling properties in aqueous 
media. This does not only ensure that the nanogels have excellent dispersion stability 
in water, it also implies that the nanogel structure has very high loading capacity for a 
wide variety of functional moieties such as nanocrystals, drugs or other biological 
molecules. Therefore, the nanogels fabricated from this designed copolymer can act as 
very efficient vectors for the transportation and delivery of probes and therapeutic 
agents for the diagnosis and treatment of diseases that require intravenous infusion. 
3.2 SYNTHESIS OF IRON OXIDE NANOPARTICLES 
Fe3O4 nanoparticles were synthesized via the thermal decomposition of iron(III) 
acetylacetonate at different temperatures as described in section 2.2.1 and 2.2.2. The 
particles were completely dispersed in non-polar solvents such as hexane. The TEM 
images of Fe3O4 SPIONs were obtained to study the morphology of the nanoparticles 
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about 3.7 nm in size. The core sizes as observed under the TEM were close to the 
expected value that followed the protocol. This sample was labelled as SPION-4nm. 
From the high resolution TEM (Figure 3-3b), the lattice fringes could be observed. The 
fringe spacings could be assigned to the lattice spacings of the {111} family of planes 
of Fe3O4 magnetite. This showed that SPION-4nm was highly crystalline and was 
composed mainly of the magnetite phase. From Figure 3-3c, it could be seen that the 
SPIONs synthesized at 300 oC were also dispersed very well. The core diameters of 
nanoparticles were measured against the scale bar and recorded in the inset of Figure 
3-3c. In this case, the number distribution of core sizes could be seen to be centred 
about 6.8 nm. Hence, this sample was labelled as SPION-7nm. From the high 
resolution TEM (Figure 3-3b), the lattice fringes could be observed. The fringe 
spacings could be assigned to the lattice spacings of the {220} family of planes of 
Fe3O4 magnetite, which was the predominant crystal lattice pattern of magnetite. [55] 
This showed that SPION-7nm was also highly crystalline and composed mainly of the 
magnetite phase. 
From these experiments, the synthesis of SPION-4 and SPION-7 had shown 
that SPIONs could be synthesized with good size control with the size dependent on 
the reaction temperature and reaction time. After the purification process, 
monodispersed SPIONs could be obtained and dispersed in chloroform for further 
testing in the later sections. 
3.2.1 CHARACTERIZATION OF IRON OXIDE NANOPARTICLES 
In this section, two basic characterizations were performed on the SPIONs. The 
crystallographic structure of the as-synthesized SPIONs was verified using XRD and 
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the magnetic strength of the particles were measured by VSM. The results are shown 
in Figure 3-4 below. 
 
 
Figure 3-4: (a) XRD spectra of (1) SPION-4nm and (2) SPION-7nm. (b) M(H) profiles 
of (1) SPION-4nm and (2) SPION-7nm. 
 
From Figure 3-4a, the XRD spectra provides evidence for the crystallographic 
structure of the SPIONs. The X-ray diffractogram showed characteristic peaks that 
were referenced to the magnetite phase (JCPDS card file: 80-0390) and labelled 
according to the corresponding lattice planes. Hence, it could be confirmed that the 
SPIONs were mainly composed of the Fe3O4 magnetite phase. Peak broadening of the 
XRD peaks were also observed from SPION-7nm to SPION-4nm. Using Scherrer’s 
formula (Eqn 3), the crystal thickness of the nanoparticles could be calculated using 
the full-width half maximum (FWHM) value of the most intense (311) peak. 
Accordingly, the crystal thickness of SPION-4nm and SPION-7nm were found to be 
3.52 nm and 5.98 nm, respectively. Assuming that the SPIONs were single-crystals 
























































and spherical in morphology, the crystal thickness could be approximated to be the 
particles size. The calculated sizes tend to be slightly smaller than the measured sizes 
under TEM, but on the whole both sets of results are in good agreement. In general, 
the Scherrer’s equation gives us the lower limit of the size range of the particles. 
Hence, the Scherrer’s equation was only used as an approximation of the particle size 
for verification purposes. The average particle sizes of SPION-4nm and SPION-7nm 
were assumed to be those measured in the TEM image. 
The M(H) profiles of the SPIONs could be observed in Figure 3-4b. SPION-
4nm exhibited a saturation magnetization (Ms) of 22.5 emu·g-1 and SPION-7nm 
exhibited a Ms of 35.6 emu·g-1. Magnetization measurements had shown that Ms 
decreased with decreasing particle size and this phenomenon has already been studied 
extensively. [89,90] Larger magnetic particles give larger effective magnetizations due 
to the smaller degree of spin-canting effect of magnetic spins at the surface of the 
nanoparticles. [91] Smaller particles, having larger surface-to-volume ratios, have 
more surface magnetic spins that are canted and remain at an angle to the applied fields 
even in very large fields. As the size of the particles grows larger and larger, the 
saturation magnetization approaches the value that is of the bulk magnetic material. 
The SPIONs were also shown to be effectively superparamagnetic at room temperature 
due to the absence of a hysteresis loop for both SPION-4nm and SPION-7nm. Thus, 
they are effectively ferrofluids under the ambient conditions and this is very important 
for biological applications. 
Herein, two SPION samples were prepared for further study. These two 
samples would be further fabricated into nanoparticle/polymer nanocomposite 
structures and their magnetic properties would be investigated for MRI applications. 
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The primary physical characteristics of the SPIONs obtained in this section are 
summarized in Table 3-1 below. 
 
Table 3-1: Basic characteristics of the as-synthesized Fe3O4 nanoparticles. Saturation 









SPION-4nm 3.7 3.52 22.5 ± 1.7 
SPION-7nm 6.8 5.98 35.6 ± 2.6 
 
3.3 SYNTHESIS OF MANGANESE FERRITE NANO-OCTAHEDRONS 
Manganese ferrite nanoparticles (MFNs) were synthesized via the thermal 
decomposition of iron(III) acetylacetonate and manganese(II) acetylacetonate as 
described in section 2.2.3. One-third of Fe(acac)3 was replaced with Mn(acac)2 to 
obtain mono-substituted MnFe2O4. The aim was to obtain magnetic particles with 
stronger intrinsic magnetization and with faceted surfaces. Varying precursor 
concentrations were used to obtain MFNs of different sizes. It was found that in the 
absence of oleylamine and 1,2-hexadecanediol, the final particles were octahedrons 
surrounded by {111} surfaces. The final particles were generally dispersible in non-
polar solvents such as hexane. The TEM images of MFNs were taken to study the 
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From Figure 3-5a, it could be seen that the MFNs were uniform and with 
narrow size distribution, such that the particles were able to organize into a single layer 
of ordered structure. Using a sample set of 100 particles in the TEM image, the size 
distribution of the MFNs could be obtained. The core diameters of nanoparticles were 
measured against the scale bar and recorded in the inset of Figure 3-5a. It could be 
seen a number distribution of core sizes centred about 6.2 nm in size. Hence, this 
sample was labelled as MFN-6nm. From the high resolution TEM (Figure 3-5b), the 
octahedron morphology and the lattice fringes could be observed. The fringe spacings 
could be assigned to the lattice spacings of the {220} family of planes of jacobsite 
(MnFe2O4). This showed that MFN-6nm was highly crystalline and were composed 
mainly of the jacobsite phase. 
From Figure 3-5c, it could be seen that larger MFNs were formed as the 
precursor concentration was increased. The core diameters of nanoparticles were 
measured against the scale bar and recorded in the inset of Figure 3-5c. In this case, the 
core size of the MFNs was about 18.4 nm. This sample was labelled as MFN-18nm. 
From the high resolution TEM (Figure 3-5d), the octahedron morphology and the 
lattice fringes could be observed. The fringe spacings could be assigned to the lattice 
spacings of the {111} and {220} family of planes of MnFe2O4. 
Finally, it could be seen from Figure 3-5e that much larger MFNs were 
obtained when the precursor concentration was further increased. In this sample, the 
number distribution of the MFNs was centred about 30.5 nm. This sample was thus 
labelled as MFN-31nm. From the high resolution TEM (Figure 3-5f), the the lattice 
fringes could be observed, which was similar to MNF-6nm and MFN-18nm. The 
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fringe spacings could be assigned to the lattice spacings of the {220} family of planes 
of MnFe2O4. 
From these experiments, it was shown that MFNs could be synthesized with 
good size control with the size being dependent on the precursor concentration. All 
three MFN samples, MFN-6nm, MFN-18nm and MFN-31nm were highly crystalline 
and were composed mainly of the jacobsite phase. After the purification process, 
monodispersed MFNs could be obtained and dispersed in chloroform for further 
testing in the later sections. 
3.3.1 CHARACTERIZATION OF MANGANESE FERRITE NANO-OCTAHEDRONS 
In this section, two basic characterizations were performed on the MFNs. The 
crystallographic structure of the as-synthesized MFNs was verified using XRD and the 
magnetic strength of the particles were measured by VSM. The XRD results are shown 
in Figure 3-6 below. 
 
 
Figure 3-6: (a) XRD spectra of (1) MFN-6nm, (2) MFN-18nm, and (3) MFN-31nm. 



































From Figure 3-6a, the XRD spectra provides evidence for the crystallographic 
structure of the SPIONs. The X-ray diffractogram showed characteristic peaks that 
were referenced to the jacobsite phase (JCPDS card file: 74-2403) and labelled 
according to the corresponding lattice planes. Hence, it could be confirmed that the 
MFNs were mainly composed of the MnFe2O4 jacobsite phase. Here, a progressive 
broadening of the XRD peaks could be observed from the larger MFNs to the smaller 
MFNs. Using Scherrer’s formula (Eqn 3), the crystal thickness of the nanoparticles 
could be calculated using the full-width half-maximum value of the most intense (311) 
peak. Accordingly, the crystal thickness of MFN-6nm, MFN-18nm, and MFN-31nm 
were found to be 4.58 nm, 17.03 nm, and 25.30 nm, respectively. Assuming that the 
MFNs were single-crystals, the crystal thickness could be approximated to be the 
particles size. In this case, the calculated sizes tend to be significantly smaller than the 
measured sizes under TEM. This could be attributed to the anisotropic morphology of 
the nano-octahedrons. Using the TEM image, the longest tip-to-tip length was used as 
the size parameter. However, the dimensions of the nano-octahedrons were much 
smaller in the other directions. Hence, the shape factor (K = 0.9) may not provide a 
good estimation to the particle size. Given that Scherrer’s equation only provides the 
lower limit of the particle size, the actual sizes of the MFNs were assumed to be that 




Figure 3-7: (a) M(H) profiles of (1) MFN-6nm, (2) MFN-18nm, and (3) MFN-31nm. 
(b) M(H) profiles of (1) MFN-6nm, (2) MFN-18nm, and (3) MFN-31nm. 
 
The M(H) profiles of the MFNs were recorded and shown in Figure 3-7. From 
Figure 3-7a, it was observed that MFN-6nm exhibited a Ms of 49.4 emu·g-1, MFN-
18nm exhibited a Ms of 97.1 emu·g-1, and MFN-31nm exhibited a Ms of 99.6 emu·g-1. 
This trend points to the fact that the magnetic particles were already approaching the 
maximum theoretical magnetization of MnFe2O4 because MFN-18nm and MFN-31nm 
exhibited very similar Ms. Moreover, it could be seen in this case that the MFNs 
exhibited a much higher Ms as compared to the SPIONs. For instance, the Ms of MFN-
6nm (49.4 emu·g-1) was substantially greater than SPION-7nm (35.6 emu·g-1) even 
though they were comparable in size. This proved that the substitution of a single Fe2+ 
by Mn2+ significantly enhanced the magnetic strength of the material. The MFNs 
remained superparamagnetic at room temperature. However, by magnifying the M(H) 
profiles (Figure 3-7b), it can be seen the slight broadening of the loops of MFN-18nm 
and an even more pronounced broadening of MFN-31nm. Hence, MFN-31nm had 






























































Furthermore, since there was little difference between the Ms values of MFN-18nm 
and MFN-31nm, it was determined that it would not be necessary to include MFN-
31nm in the future experiments. Therefore, only MFN-6nm and MFN-18nm were used 
for further testing in the MRI applications. The primary physical characteristics of the 
MFN samples obtained in this section are summarized in Table 3-2 below. 
 









MFN-6nm 6.2 4.58 49.4 ± 2.0 
MFN-18nm 18.4 17.03 97.1 ± 4.1 
MFN-31nm 30.5 25.30 99.6 ± 2.1 
 
3.4 SYNTHESIS OF FUNCTIONAL AMPHIPHILIC BRUSH COPOLYMER 
To determine the suitable PBMA/C12 composition for the encapsulation process, a 
series of PBMA-g-C12 with varying amounts of C12 grafted were synthesized, namely 
25%, 50%, 75%, and 100% of the anhydride rings per molecule of PBMA. For 25% 
grafted PBMA-g-C12, the product was insoluble in THF, chloroform (CHCl3) and 
most organic solvents. Therefore, it was not suitable for the emulsion process because 
it was sufficiently soluble in the oil phase. If 100% conversion of the anhydride rings 
was achieved, the copolymer was soluble in the organic solvents but it would leave no 
reactive groups for further conjugation with other functional moieties. Hence, only 
samples with 50% and 75% densities were used in further tests. Preliminary emulsion 
experiments showed that 75% grafted PBMA-g-C12 formed well-dispersed nanosized 
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spheres. When the 50% grafted PBMA-g-C12 was used, larger spheres were formed 
that were also more prone to aggregation. This was likely due to its lower density of 
carboxylate groups (–COO-) groups on the surface because fewer anhydride rings were 
opened by reaction. The negatively-charged carboxylate groups derived from the 
anhydride rings formed the hydrophilic backbone of the copolymer and were expected 
to coordinate at the surface of the polymeric spheres. The coloumbic repulsion 
between the negative charges was expected to play an important role in stabilizing the 
nanospheres in water. Hence, the 50% grafted PBMA-g-C12 spheres that had fewer 
surface carboxylate groups were more prone to aggregation. From these experiments, 
75% conversion of the anhydride rings was found to provide a suitable degree of 
amphiphilicity to form stable nanospheres. The remaining 25% of anhydride rings 
could then be used for conjugation with other functional molecules. 
To form the functional amphiphilic brush copolymer, PBMA was grafted with 
1-dodecylamine (C12) and fluorescein (FC) via a simple nucleophilic addition reaction. 
The chemical structure of PBMA-g-(C12/FC) was verified using 1H NMR and FT-IR. 
3.4.1 1H NMR ANALYSIS OF FUNCTIONAL BRUSH COPOLYMER 
The chemical structure of the copolymer was first verified using 1H NMR analysis. 
The spectrum of PBMA-g-C12 was the same as PBMA-g-(C12/FC) except for the 
absence of the characteristic peaks contributed from the fluorescein component. Hence, 
only the 1H NMR spectrum of PBMA-g-(C12/FC) is shown in this section for 
demonstrating the chemical analysis procedure. In this section, the successfully 





Figure 3-8: 1H NMR spectrum of PBMA-g-(C12/FC) in DMSO-d6. (Solvent peaks: 
DMSO-d6 at 2.5 ppm, HOD at 3.3 ppm) 
 
From the NMR spectrum in Figure 3-8, the peak r at 10.1 ppm was evidence 
for the formation of the amide bond that followed the ring-opening of the anhydride 
rings after reaction with 1-dodecylamine and fluoresceinamine. The characteristic 
peaks of fluorescein (j, k, i, p, q, and t) could be observed from 6.5 ppm to 7.0 ppm, as 
well as the resonance due to the alkyl chain (C12) of the hydrophobic side chains at 
1.23 ppm (f) and 0.84 ppm (e). The resonance of the methylene (b) and methyl (c) 
protons could be observed between 0.9 ppm to 1.1 ppm. Some of the peaks due to the 
main chain protons (a, d, and g) appeared to be obscured by the solvent and water 
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1H NMR (300 MHz, DMSO-d6, δ): 0.84 ppm (t, –(CH2)11–CH3), 0.9 – 1.1 ppm (m, –
CH2–C(CH3)2–), 1.23 ppm (s, –CH2–CH2–), 2.47 – 2.53 ppm (d, –CH–CH–; t, –NH-
CH2–CH2–; obscured by solvent peak), 6.5 – 7.0 ppm (m, Ar H), 10.1 ppm (br, –CO–
NH–). 
3.4.2 FT-IR ANALYSIS OF FUNCTIONAL BRUSH COPOLYMER 
The chemical structure of the copolymer was also verified using FT-IR analysis. Again, 
only the FT-IR spectrum of PBMA-g-(C12/FC) is shown in this section for 
demonstrating the chemical analysis procedure. 
 
 
Figure 3-9: FT-IR spectra of (i) PBMA-g-(C12/FC), (ii) PBMA, (iii) 1-dodecylamine, 

























From the FT-IR spectra in Figure 3-9, it could be observed the diminishing 
absorption peaks at 1835 cm-1 and 1782 cm-1, which were contributions by the 
stretching of the C=O bonds of the anhydride. The absorbance peaks at 1084 cm-1 and 
924 cm-1 due to stretching of the C–O bonds of anhydride were also reduced following 
reaction. The reduction of these peaks indicated that the maleic anhydrides had reacted. 
There was also the appearance of broad absorption peak from 3400 – 2400 cm-1 which 
indicated the presence of O–H stretching resonance of the carboxylic acids formed 
after ring-opening of the anhydrides. These observations were coupled with the 
appearance of the absorption peaks at 1713 cm-1, 1605 cm-1, and 1566 cm-1, attributed 
to C=O stretching of carboxylic acids, C=O stretching of amides, and N–H bending of 
the amides, respectively. This provided evidence for both the ring-opening of the 
anhydrides rings as well as the formation of the amide bonds between the anhydride 
and the amines. The double peaks of the amine (N–H stretching) between 3500 – 3200 
cm-1 became a single diffused peak in the same region verified the reaction of the 
amine to form the amide bond with the anhydride. Lastly, the stretching of C–H bonds 
mainly due to the alkyl chain of the grafted side chains were recorded at 2930 cm-1 and 
2855 cm-1. These results provided good evidence for the successful formation of 
PBMA-g-(C12/FC) brush copolymer. Finally, the FT-IR spectrum for magnetic 
nanospheres showed the characteristic peaks of PBMA-g-(C12/FC) together with the 
added peak at 609 cm-1, which could be attributed to the Fe–O stretching of crystalline 
Fe3O4. This proved that the spheres were a composite mixture of these two different 
materials. 
FT-IR (KBr): Wavenumber = 3500 – 3200 cm-1 (amide, N–H stretching), 3400 – 2400 
cm-1 (carboxylic acid, O–H stretching), 2930 cm-1 and 2855 cm-1 (C–H, stretching); 
1836 cm-1 and 1782 cm-1 (anhydride, C=O stretching); 1713 cm-1 (carboxylic acid, 
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C=O stretching), 1605 cm-1 (amide, C=O stretching), 1566 cm-1 (amide, N–H bending), 
1084 cm-1 and 924 cm-1 (anhydride, C-O stretching), 609, cm-1 (Fe–O stretching). 
3.5 REMARKS 
It was demonstrated in this chapter that hydrophobic SPIONs (Fe3O4 nanoparticles) 
and MFNs (MnFe2O4 nanoparticles) were obtained using the prescribed experimental 
methodologies. The size of the nanoparticles could be well-controlled to achieve very 
low size polydispersities. Two SPION samples having spherical morphology and 
average particle size of 4 nm and 7 nm were successfully obtained. Additionally, three 
MFN samples having the octahedron morphology and average particle size of 6 nm, 18 
nm and 31 nm were also obtained with significantly improved Ms values over the 
SPIONs. In all, the as-synthesized nanoparticles were highly magnetic and exhibited 
superparamagnetism under ambient conditions giving them excellent ferrofluidic 
properties. Thus, these hydrophobic magnetic nanoparticles were extremely suitable to 
be phase transferred into aqueous media for further insightful characterizations and 
studies. 
The chemical structure of the as-synthesized brush copolymers were also 
analyzed and verified using 1H NMR and FT-IR. There were two main reasons why 
carefully synthesized copolymers were required in this chapter. Firstly, it was 
necessary for PBMA-g-C12 to act as a strong binding material between the 
nanoparticles. The copolymer was amphiphilic, consisting of a hydrophilic backbone 
and many hydrophobic side chains in a brush-like structure. The hydrophilic backbone 
resulted from the formation of carboxylic acid groups following the reaction between 
the anhydrides and amines. The grafting of C12 alkyl chains along the backbone 
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resulted in the tight hydrophobic brush structure. Due to the high density of 
hydrophobic interactions from the brush-structure, it was predicted to have the ability 
to form very stable encapsulating layers could be formed. The hydrophobic SPIONs, 
surface-stabilized by oleic acid, were thus ideal building blocks for bottom-up 
assembly using this copolymer as binding matrix. Secondly, the chemical analysis also 
verified that fluorescein was covalently bonded to the copolymer. Chemical 
conjugation was preferable over physical entrapment of the fluorescent molecules into 
the nanogel because it ensured that the moieties would not leach out of the nanogels 
and lose its functionality over time. This property is useful for application in dual 
modal imaging purposes. 
In Chapter 4, the SPION samples will be used for studying and optimization of 
the fabrication of magnetic nanocomposite structures together with the amphiphiblic 
brush copolymers. In Chapter 5, the same nanocomposite structures fabricated from 
the SPIONs were then used for studying the close-interaction magnetic behavior 
between the SPIONs, as well as its effects on the T1 and T2 relaxivities in MRI. Finally, 
in Chapter 6, the MFNs instead of SPIONs were embedded into the same 
nanocomposite structures. In this case, the strong magnetization property and faceted 
surfaces of the MFNs were used to induce the Larmor frequency shift of water protons 
for MR spectroscopic applications. 
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CHAPTER 4: FORMATION OF COMPOSITE 
SUPERPARAMAGNETIC NANOCLUSTERS 
In this chapter, SPION-4nm and SPION-7nm were employed in the formation of iron 
oxide nanoclusters (IONCs) via the mini-emulsion/solvent evaporation technique. For 
the preliminary study, PBMA-g-C12 was used as the soft matrix binder. A systematic 
study was performed to optimize the mini-emulsion parameters that control the 
morphologies and properties of the resultant IONCs. Four main parameters were 
identified for control: 
i. Oil-to-water ratio. 
ii. Polymer concentration. 
iii. Nanoparticle concentration. 
iv. Nanoparticle size. 
The purpose of this chapter was to acquire well-controlled spherical magnetic 
nanocomposites through the mini-emulsion system. The main aims were to attain 
particle size less than 200 nm, narrow size polydispersity, and controlled magnetic 
loading. Towards the end of this chapter, a preliminary assessment on the colloidal and 
pH stabilities of the IONCs will also be reported. 
4.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
A major drawback with the synthesis of nanoparticles via the high-temperature thermal 
decomposition in non-polar solvents is that the nanoparticles are hydrophobic. The as-
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synthesized SPIONs need to be dispersed in water to make them suitable for biological 
applications. [93] Thus, it was necessary to identify an appropriate phase transfer 
method to disperse the nanoparticles into water. As discussed in section 1.4, the 
encapsulation of the hydrophobic nanoparticles in a nanogel matrix was seen as an 
effective method for achieving this purpose. The procedure to obtain this structure uses 
the combination of mini-emulsion and solvent evaporation techniques as described in 
section 2.4. Figure 4-1 below illustrates the formation of the spherical 
nanoparticles/polymer nanocomposite structure via the bottom-up organization of 




Figure 4-1: Schematic diagram illustrating the formation of magnetic nanocomposites 







In this process, the mini-emulsion provides the template for the formation of 
spherical structures, while solvent evaporation initiates the condensation and 
aggregation of the nanogel and SPIONs to form compact nanospheres. During the 
solvent evaporation process, whereby the oil phase is removed, the mixture of SPIONs 
and copolymer condense into a tight spherical cluster. The SPIONs are held together 
primary through strong interdigitated hydrophobic interactions between the tight 
hydrophobic brushes of the copolymer and the oleic acid ligands of the SPIONs. This 
results in the bottom-up assembly of SPIONs to form the spherical IONCs. The 
hydrophilic backbone of the copolymer remains coordinated at the surface of the 
sphere, giving it good water dispersion and water swelling properties. The nanogel 
forms a protective coating over the SPIONs, and confers water dispersibility to 
hydrophobic SPIONs. The process conditions are very mild, which preserved the 
physical integrity of the SPIONs. This provides a robust and reproducible platform for 
the large scale synthesis of uniform composite nanospheres. 
In addition, the formation of such secondary structures holds three main 
advantages. Firstly, it includes the possibility to collectively combine the properties of 
individual nanoparticles, and at the same time retain the special size-dependent 
properties of nanocrystals. For example, large agglomerates comprising of 
superparamagnetic iron oxide nanoparticles remained superparamagnetic even though 
the cluster size was close to one micrometer in diameter. [94] Otherwise, iron oxide 
polycrystals in this size range would exhibit strong ferrimagnetism instead of 
superparamagnetism that would greatly compromise their colloidal stability and cause 
them to become unsuitable for intravenous biological applications. Secondly, large 
particles are also able to transport to a target site an amount of iron that is much greater 
than that by singly-dispersed SPIONs. This would result in a much greater disruption 
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on the local magnetic field homogeneity, and thus enhance MR relaxivity. Thirdly, the 
larger size also means that these particles are less likely to be uptaken non-specifically 
by endothelial cells [95], and hence, retain high targeting specificity for other tissue 
types. One very important application that takes advantage of this is that of tumour-
targeting, because tumour sites develop vasculature networks of unnaturally high 
permeability. This generally allows large particles to enter and accumulate at the 
tumour sites. This phenomenon is commonly known as the EPR effect and it is 
applicable to nearly all rapidly growing solid tumours. [96] 
To meet the above expectations, the following sections were dedicated to 
controlling the particle size to be less than 200 nm with narrow size polydispersity, and 
magnetic loading control. Finally, some prelimary tests on the colloidal and pH 
stailities of the IONCs were performed to assess their suitability for in vitro 
applications. 
4.2 EFFECT OF OIL-TO-WATER RATIO 
Firstly, the effects of oil-to-water ratio used in the mini-emulsion system were 
investigated. The amounts of PBMA-g-C12 and SPION-4nm were fixed at 10 mg each 
for all the samples. The final volume of the oil phase (chloroform) was fixed at 0.6 mL. 
The size and polydispersity index of the each sample were measured using DLS. The 
oil-to-water ratio was varied from 1:2 to 1:15 and labelled as samples R-1, R-2, R-3, 
and R-4 according to increasing oil-to-water ratios. The parameters and particle size 
results are summarized in Table 4-1 below. 
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Table 4-1: Summary of nanosphere samples prepared using different oil-to-water ratios 



















R-1 10 mg 5 mg 0.6 mL 9 mL 0.067 119 nm 0.118
R-2 10 mg 5 mg 0.6 mL 6 mL 0.1 127 nm 0.100
R-3 10 mg 5 mg 0.6 mL 3 mL 0.2 170 nm 0.138
R-4 10 mg 5 mg 0.6 mL 1.2 mL 0.5 254 nm 0.207
# Size and polydispersity index (PDI) were measured using DLS. 
 
The experiments revealed that nanosphere size was affected by the oil-to-water 
ratio. As seen from the data in Table 4-1 above, the average size of R-4 was largest at 
254 nm when the oil-to-water was greatest (0.5). The average size of the nanospheres 
decreased as the oil-to-water ratio was reduced. The smallest size was achieved for R-1 
with a Z-average of 119 nm. It could also be observed that the polydispersity index of 
the nanospheres also decreased with decreasing oil-to-water ratio. From this, it was 
concluded that if the oil-to-water volume ratio was small, the more stable would be the 
oil droplets in the emulsion system, which resulted in smaller nanospheres formed. The 
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was difficult to further reduce the particle size using this technique. It was also 
impractical to further reduce the oil-to-water ratio, because this would mean further 
increasing the water volume of the mini-emulsion system. The volume of the mini-
emulsion cannot be increased indefinitely because the volume was limited by the size 
and power of the homogenizer probe. Furthermore, it did not make economic sense to 
use a large volume of water to produce a small amount of the sample. Hence, it was 
concluded that the oil-to-water ratio in the order of 0.1 yielded sufficiently small 
nanospheres for the further experiments because it was already approaching the lower 
size limit. In the following experiments, the oil-to-water ratio of 0.1 was used in the 
formation of nanospheres. 
4.3 EFFECT OF POLYMER CONCENTRATION 
Next, the effects of polymer concentration in the oil phase were investigated. The 
amount of SPION-4nm was fixed at 5 mg for all the samples. The oil-to-water ratio 
was fixed at 1:10. The size and polydispersity index of each sample were measured 
using DLS. The amount of polymer injected into each set was varied from 2.5 mg to 
100 mg and the samples were labelled as P-1, P-2, P-3, P-4, P-5, P-6, P-7, and P-8 
according to increasing amounts of copolymer used. The parameters and size results 






Table 4-2: Summary of nanosphere samples prepared using variable amounts of 
















P-1 2.5 mg 5 mg 0.6 mL 6 mL 182 nm 0.795 
P-2 5 mg 5 mg 0.6 mL 6 mL 169 nm 0.236 
P-3 10 mg 5 mg 0.6 mL 6 mL 122 nm 0.083 
P-4 25 mg 5 mg 0.6 mL 6 mL 174 nm 0.118 
P-5 40 mg 5 mg 0.6 mL 6 mL 290 nm 0.367 
P-6 50 mg 5 mg 0.6 mL 6 mL 322 nm 0.339 
P-7 60 mg 5 mg 0.6 mL 6 mL 440 nm 0.578 
P-8 100 mg 5 mg 0.6 mL 6 mL 606 nm 0.723 
# Size and polydispersity index (PDI) were measured using DLS. 
 
The experiments revealed that nanosphere size was highly dependent on the 
polymer concentration of the oil phase. As seen from the data in Table 4-2 above, the 
average size of P-8 was largest at 606 nm when the amount of polymer used was 
highest (100 mg). The average size of the nanospheres decreased as the amount of 
polymer applied was reduced. The smallest size was achieved for P-3 with a Z-average 
of 122 nm and low PDI of 0.083. When the amount of polymer was decreased further, 
the original decreasing trend was disrupted and the particle size began to increase for 
samples P-2 and P-1. Particularly for P-1, it was observed that the particle began to 
agglomerate uncontrollably because there was insufficient polymeric material to 
encapsulate the SPIONs. This was also evident by the high PDI of 0.723. Thus, 
agglomeration could be the reason for the reversal of the size trend. The PDI of the 
nanospheres was also an important property because it represents its size uniformity. 
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The sizes of these samples as seen under the SEM (Figure 4-3) agreed well 
with the DLS measurements. It could be observed a systematic decrease in the average 
particle size from P-8 to P-3 as the amount of copolymer used decreased. When the 
amount of copolymer used was decreased further, the size began to increase instead 
from P-3 to P-1. The plot of Z-average size against polymer amount in Figure 4-3i 
clearly shows the effect of the polymer concentration on the size of the nanospheres 
formed using this mini-emulsion technique. The particle size decreased from P-8 to P-
3 but the size trend reversed from P-3 to P-1. 
The main reason for the decrease in particle size from P-8 to P-3 could be 
attributed to viscosity of the oil phase with respect to the polymer concentration. As 
more PBMA-g-C12 was added to the oil phase, the viscosity of the oil fluid increased. 
Therefore, more energy was required to disperse the oil phase into small droplets. 
Given that the power of the ultrasonicator was fixed, for the same amount of energy 
injected, the oil phase with the higher viscosity would form larger droplets on average. 
With the higher polymer concentration, the polymer also had the tendency to 
precipitate and condense to become solid spheres at a faster rate while the oil phase is 
evaporated. Therefore, it was expected that the particle size increased with increasing 
polymer concentration. However, for samples P-1 and P-2, of which the polymer 
concentrations were lowest, the reverse trend was observed. This was because there 
was insufficient polymer to encapsulate and stabilize each droplet. From Figure 4-3b, 
it can be seen that the particles in P-2 were inclined to stick together and form bridges 
between particles. Furthermore, sample P-1 (Figure 4-3a) exhibited an even greater 
agglomeration effect. This was likely due to the hydrophobic interaction between 
exposed SPIONs and its tendency to aggregate so as to reduce the surface energy. 
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From this set of results, it was concluded that the optimum polymer 
concentration was achieved when approximately 10 mg of the copolymer was 
dissolved into the oil phase. Under this condition, it was possible to fabricate well-
dispersed polymeric nanospheres that were less than 200 nm in size. The polymer 
concentration should be low because the low viscosity of the oil phase would allow the 
oil droplets can be dispersed more readily. However, the polymer concentration could 
not be too low because there would be insufficient coating over the SPIONs to 
effectively stabilize the individual nanospheres. Hence, in the following experiments, 
10 mg of PBMA-g-C12 was used in the formation of nanospheres. 
4.4 EFFECT OF NANOPARTICLE CONCENTRATION 
In this section, the effects of nanoparticle concentration in the oil phase were 
investigated. The amount of PBMA-g-C12 was fixed at 10 mg for all the samples. The 
oil-to-water ratio was fixed at 1:10 according to the results from the previous section. 
The size and polydispersity index of each sample were measured using DLS. The 
amount of SPION-4nm injected into each set was varied from 1 mg to 20 mg and 
labelled as samples IONC-a1, IONC-a2, IONC-a3, IONC-a4, IONC-a5, and IONC-a6 
according to increasing amounts of SPIONs used. The parameters and size results are 























IONC-a1 10 mg 1 mg 0.6 mL 6 mL 237 nm 0.116 
IONC-a2 10 mg 4 mg 0.6 mL 6 mL 198 nm 0.088 
IONC-a3 10 mg 8 mg 0.6 mL 6 mL 160 nm 0.085 
IONC-a4 10 mg 12 mg 0.6 mL 6 mL 144 nm 0.068 
IONC-a5 10 mg 16 mg 0.6 mL 6 mL 146 nm 0.064 
IONC-a6 10 mg 20 mg 0.6 mL 6 mL 138 nm 0.063 
# Size and polydispersity index (PDI) were measured using DLS. 
 
Table 4-3 shows that the PDI of the IONCs were generally small (< 0.1) and 
the hydrodynamic diameters were consistently below 200 nm except for IONC-a1. The 
spherical morphology was maintained for all the IONCs in this set of samples. (Figure 
4-4). In this case, the size of the nanospheres was generally between 100 nm – 200 nm 
except for IONC-a1 (237 nm). It could be seen that the effect of SPION concentration 
on the size of the IONCs was less prominent. In fact, it was only for IONC-a1 and 
IONC-a2 that was observed a significant deviation in size from the other samples. 
Furthermore, the nanosphere sizes observed under the electron microscope were 
generally smaller than the DLS measurements. This was indicative of swelling of the 
nanospheres when dispersed in water during DLS measurements. This suggested that if 
the packing density of SPIONs was low, there was less resistance against swelling. On 
the other hand, a closely-packed SPION core would reduce the amount of water 
absorbed and thus create a tighter core that restricted the swelling. Therefore, this 
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IONC-b1 10 mg 1 mg 0.6 mL 6 mL 250 nm 0.127 
IONC-b2 10 mg 4 mg 0.6 mL 6 mL 177 nm 0.062 
IONC-b3 10 mg 8 mg 0.6 mL 6 mL 134 nm 0.053 
IONC-b4 10 mg 12 mg 0.6 mL 6 mL 131 nm 0.096 
IONC-b5 10 mg 16 mg 0.6 mL 6 mL 157 nm 0.064 
IONC-b6 10 mg 20 mg 0.6 mL 6 mL 158 nm 0.058 
# Size and polydispersity index (PDI) were measured using DLS. 
 
The PDI values were small (< 0.1) and the hydrodynamic diameters were 
consistently below 200 nm except for IONC-b1 (Table 4-4). These results were very 
similar to those discussed in Table 4-3 of the previous section. This proved that this 
nanocomposite fabrication process was highly repeatable under the same conditions. It 
would also appear that the size of the SPIONs did not have a significant effect on the 
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Figure 4-8: TGA profiles of (a) SPION-4nm and IONC-a samples in increasing order 
of SPION composition from bottom to top, and (b) SPION-7nm and IONC-b samples 
in increasing order of SPION composition from bottom to top. 
 
The residual mass was attributed to the iron oxide cores of the SPIONs that 
remained after all the organic matter were eliminated at 800 oC. Therefore, the residual 
mass could be used to account for the SPION loading of the IONC samples. During the 
heating process, the mass loss of the SPIONs began at about 220 oC, which was due to 
the decomposition and vaporization of the oleic acid coating. The decomposition 
process continued for about another 40 min to about 400 oC, at which only the iron 
oxide core was left. For the IONC samples, greater mass loss was observed due to the 
additional PBMA-g-C12 matrix. The onset of decomposition began at approximately 
200 oC over an extended temperature range up to about 500 oC. The decomposition 
steps basically consisted of the vaporization of oleic acid, the breakage of the amide 
bond in the PBMA-g-C12 copolymer, followed by the elimination of C12, and lastly 
the decomposition of the main PBMA chain. Results showed that the percentage 
weight loss increased with decreasing SPION loading. Thus, TGA results clearly 



































































SPIONs injected into the mini-emulsion. The SPION loading was determined by the 
residual mass of the sample at 700 oC. The SPION loading weight percentage of the 
IONC samples are recorded in Table 4-5 below. 
 
Table 4-5: Summary of SPION loading weight percentage of the IONC-a and IONC-b 









IONC-a1 2.7  IONC-b1 3.2 
IONC-a2 11.4  IONC-b2 16.6 
IONC-a3 15.8  IONC-b3 27.3 
IONC-a4 21.3  IONC-b4 33.2 
IONC-a5 33.7  IONC-b5 35.4 
IONC-a6 36.8  IONC-b6 37.4 
 
4.7 COLLOIDAL STABILITY STUDIES 
High colloidal stability of the IONCs is an essential requirement for bio-applications. 
Therefore, the colloidal stability of the as-prepared IONCs was examined by 
monitoring their hydrodynamic size and zeta potential in water and PBS over an 
extended period of time. In this experiment, IONC-b5 was used as a representative 




4.7.1 COLLOIDAL STABILITY IN WATER AND PBS 
 
 
Figure 4-9: DLS intensity-weighted size measurements and zeta potential 
measurements of IONC-b5 incubated in millipore water and PBS at 25 oC for up to 10 
days. 
 
Figure 4-9 showed that there was no apparent change in size or zeta potential 
when IONC-b5 was incubated in water or PBS for up to 10 days at room temperature. 
As agglomeration of the particles would have resulted in a marked change in the 
hydrodynamic size and zeta potential of the IONCs, it could be deduced that there was 
no appreciable change in the dispersion properties of the IONCs during the time period. 
Hence, the results showed that the IONCs remained fully dispersed in solution and 
exhibited excellent colloidal stability in both water and PBS. All the IONC samples 











































4.7.2 COLLOIDAL STABILITY IN 3 TESLA MAGNET 
Another simple experiment was carried out to test the colloidal stability of the IONCs 
in water. This was performed simply by leaving the sample solutions to stand inside 
the MRI 3T magnet. At the beginning, the first set of T2 measurements were acquired, 
followed by leaving the samples to stand in the magnet for about 17 h before acquiring 
a second set of T2 measurements. 
 
 
Figure 4-10: R2 relaxation rate (
2T
1
) as a function of iron concentration [Fe] for (a) 
IONC-b1, (b) IONC-b2, (c) IONC-b3, (d) IONC-b4, (e) IONC-b5, and (f) IONC-b6 
before (×) and after (∆) being left standing in a 3T magnet for 17 h. T2 values were 
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Figure 4-10 shows the relaxation rates (
2T
1
) of IONC-5 at 0 h and 17 h. The 
gradient of R2 against [Fe] represents the magnetic relaxivity (r2) of water. r2 was 
observed to remain unchanged after the 17 h period for all the samples. This implied 
that there was no appreciable agglomeration of the IONCs in solution because 
agglomeration would have resulted in significant change in the T2 relaxation behavior. 
Visual inspection of the sample vials after 17 h also revealed no observable attraction 
or agglomeration of the IONCs due to the 3T magnetic field. This further confirmed 
the colloidal stability of the IONCs in water because the IONCs remained completely 
dispersed in solution, despite the strong magnetic forces. 
4.7.3 STABILITY AGAINST PROTEIN ADSORPTION 
To better simulate the physiological conditions, the IONCs were also incubated in PBS 
contain 10% FBS (fetal bovine serum). The addition of FBS introduced serum proteins 
into the solution. The protein molecules tend to interact with charged particles, 
especially positively charged particles to form assembled layers on the particles 
surface. This causes the particles to increase in size and eventually aggregate and 
separate from solution. This is a natural physiological reaction to foreign materials, 
whereby the foreign materials in the body are encapsulated by proteins and then 




Figure 4-11: DLS intensity-weighted size measurements of IONC-b5 incubated in PBS 
(with and without 10% FBS) at 37 oC for up to 2 days. 
 
From the results in Figure 4-11, it could be seen that there was no significant 
increase in the hydrodynamic size of IONC-b5 even after 48 h of incubation in 10% 
FBS. This could be attributed to the low zeta potential of the IONCs, which was 
approximately -10 mV, according to Figure 4-9. Initially, the particles were thought to 
be stabilized by the columbic repulsive forces due to negatively charged carboxyl 
groups along the backbone of the copolymer. However, the stabilizer (PVA) used in 
the mini-emulsion also needs to be considered. PVA was also believed to be 
physisorbed on the surface of nanospheres during the mini-emulsion process, thus 
forming an additional layer protective and stabilizing layer. PVA is a biocompatible 
polymer and is known to have some protein repelling properties. [97] Therefore, the 





















4.8 PH STABILITY STUDIES 
High chemical resistance of the IONCs was also an essential requirement for in vivo 
applications. In this section, the resistance of the as-prepared IONCs towards different 
levels of pH was investigated. IONC-b5 was used as the representative sample in this 
experiment and the as-prepared nanospheres were dispersed in buffer solutions of pH 2, 
4, 7, 7,4, 10, and 12. 
 
 
Figure 4-12: (a) DLS intensity-weighted size measurements of IONC-b5 incubated in 
different pH buffer solutions for the first 6 h. (b) DLS intensity-weighted size 
measurements of IONC-b5 incubated in different pH buffer solutions for up to 10 days. 
(c) Size trend of IONC-b5 when dispersed in different pH buffer solutions. (d) List of 










































































Phosphate buffer (Na2HPO4 + NaOH)12
Carbonate buffer (NaHCO3 + NaOH)10
Standard PBS (1x)7.4
Phosphate buffer (KH2PO4 + NaOH)7
Acetate buffer (Sodium acetate + acetic acid)4
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The SEM images in Figure 4-13 show the morphology of IONC-b5 after 
incubation in the various pH media for 14 days. Spherical particles could still be 
observed for the IONCs incubated in pH 2, 4, and 7 buffers (Figure 4-13a, b, and c, 
respectively). However, for the samples incubated in pH 10 and 12 buffered solutions, 
spherical particles could no longer be observed. Figure 4-13d revealed that the IONCs 
were reduced to smaller clusters, which were probably broken down from the original 
nanospheres. Figure 4-13e shows nanospheres had effectively dissociated into its 
nanoparticle components. These observations agreed well with the DLS profiles of the 
respective samples (Figure 4-13f). 
4.9 REMARKS 
In this chapter, the formation of the iron oxide nanoclusters (IONCs) through a mini-
emulsion/solvent evaporation technique was investigated. Various parameters such as 
oil/water ratio, polymer concentration, nanoparticle concentration and nanoparticle 
size were studied systematically to obtain the suitable conditions for fabricating 
nanospheres. It was found that high oil/water ratios were required for the formation of 
small IONCs with narrow size distribution. The polymer concentration affected the 
viscosity of the oil phase, also had a strong effect on the size of the IONCs formed 
using the emulsion. It was found experimentally that lower concentrations were 
favorable for the formation of small IONCs. However, an optimum polymer 
concentration was required below which the SPIONs would agglomerate 
uncontrollably due to insufficient polymeric material as the stabilizing matrix. The 
nanoparticles concentration had little effect on the size of the IONCs, although it was 
found to be an important parameter in the control of the SPION-loading density in the 
IONCs. The size effect of the SPION concentration was mainly reflected in the 
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hydrodynamic radius measured by DLS. Lower SPION-loading resulted in larger 
hydrodynamic radius due to the greater capacity of the IONCs to swell. Lastly, the 
SPION size also had minimal effect on the size of the IONCs, by replacing SPION-
4nm with SPION-7nm. However, this showed the potential for incorporating a wide 
variety of different sized particles to form the nanocomposite structures. 
The aims of fabricating IONC sizes less than 200 nm at a reproducible scale 
and having narrow size distributions were achieved. More importantly, the initially 
hydrophobic magnetic nanoparticles were found to be effectively transferred to water 
using this technique. The basic physical characteristics of the IONCs were studied 
based on their morphology, composite structure, colloidal stability, and pH stability. 
The nanoparticles were embedded in the IONCs and the nanoparticle loading density 
could be varied by controlling the nanoparticle concentration in the mini-emulsion 
system. The loading density could be determined more accurately using TGA and the 
results agree well with what was observed under TEM. Results have also shown that 
the IONCs were spherical in morphology and exhibit excellent colloidal stability. The 
IONCs remained completely dispersed in aqueous solutions such as PBS and even 
with protein serum. However, the IONCs were observed to dissociate in alkali media, 
particularly at pH 10 and above. This was not considered a major issue because the 
contrast agents are usually used under physiological conditions that are close to pH 7.4 
for MRI applications. Therefore, the physical characteristics of the IONCs were 
deemed to be suitable for use in physiological conditions that are relevant to MRI. The 
following chapters were dedicated to studying the magnetic properties of the IONCs 
and their application as MRI contrast agents. 
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CHAPTER 5: SUPERPARAMAGNETIC NANOCOMPOSITE 
STRUCTURES FOR ENHANCED T2 CONTRAST EFFECT 
AND FLUORESCENT IMAGING 
The purpose of this chapter was to study the improvement of T2 contrast effects based 
on the magnetic nanocomposite structure, and then further investigate the IONCs for 
potential MRI/photoluminescent dual imaging applications. The main experimental 
aims can be listed as follows: 
i. To characterize the magnetic properties of the IONCs with respect to the intra-
particle separation. 
ii. To measure the T1, T2, and T2* magnetic relaxivities of the IONCs for MRI in 
comparison to a commercial MRI contrast agent. 
iii. To optically tag the IONCs with a fluorescent dye for in vitro photoluminescent 
imaging. 
5.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
As discussed earlier in section 4.1, there are several advantages to the establishment of 
secondary structures from nanocrystals. Firstly, it would allow the collective 
combination of the properties of individual nanoparticles, and at the same time retain 
the special size-dependent properties of nanocrystals. Secondly, a cluster of particles is 
also able to transport a greater amount of iron than singly-dispersed SPIONs to a target 
site for greater MR relaxivity. Thirdly, the larger effective size also means that these 
particles are excreted from the body at a slower rate as compared to smaller 
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nanoparticles. Hence, this provides the impetus for supporting the research on 
magnetic nanocomposite structures for application in MRI. 
It was initially reported in literature the formation of nano-assemblies of 
superparamagnetic nanoparticles and its effect on reducing spin-spin relaxation times 
(T2). [98,99] This effect was attributed to the co-operative close interaction between 
nanoparticles such that the original superparamagnetic cores become more effective at 
dephasing the spins of water protons. Since then, there have been a number of 
theoretical and experimental studies demonstrating that nanoclusters of 
superparamagnetic nanoparticles enhanced the T2 relaxivity. [100,101] As a result, 
there has been strong vested interest in using multi-core superparamagnetic particles as 
CAs for MRI. [58, 102 ] However, the experiments dealing with such relaxivity 
enhancement phenomenon were generally observed as random aggregates of 
nanoparticles without precise control of shape and size distributions. [103,104,105] 
Therefore, it would be of interest to implement a system designed to fabricate well-
defined spherical magnetic clusters with narrow size distribution. 
As discussed previously in Chapter 4, the loading density of nanoparticles in 
the polymeric spheres could be readily controlled. The magnetic nanoparticles were 
uniformly dispersed within the spherical matrix, and hence, the intra-particle 
separation could be varied by controlling the loading densities. Thus, a series of 
IONCs with variable inter-particle separation can be obtained similar to the illustration 




Figure 5-1: A schematic diagram illustrating the loading control of SPIONs in the 
nanocomposites structure. 
 
The nanoparticle loading within the IONCs can be controlled by varying the 
amount of SPIONs injected into the emulsion system. As a result, the magnetic 
properties of the spheres could be easily fine-tuned to correlate the 
SPION/nanoparticle composite effect on the magnetic relaxivity of water. Some 
interesting behaviors may be observed when the SPIONs are dispersed in the 
polymeric matrix. The magnetic interaction between the SPIONs will depend on the 
particles size and the packing density and interaction distances between the SPIONs. 
[106 ,107] When the intra-particle separation decreases, the magnetic moment of 
individual particles are governed not only by the magnetostatic and magnetocrystalline 
anisotropy energies, but also by dipolar interaction between particles. Although there 
are some studies on this, the effects of such magnetic interaction on the magnetic 
behavior of the nanocomposite system remain unresolved. 
Herein, the magnetic properties of the SPIONs and IONCs were characterized 
using VSM and SQUID instruments. The IONC samples from Chapter 4 (IONC-a and 
IONC-b) were used for this purpose. The intra-particle spacing was determined using a 
simple solid sphere model. Thus, the magnetizations of the various samples were 
Decreasing loading density of SPIONs
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correlated to the intra-particle separation. Magnetic relaxivities of the SPIONs and 
IONCs were then measured in a 3 Tesla MRI system. The magnetic relaxivities were 
compared with commercial T2 contrast agent, Resovist, as a controlled study. Lastly, 
the polymeric nanospheres were tagged with fluorescein so that the uptake properties 
of the IONCs under in vitro conditions could be observed under the laser confocal 
microscope. 
5.2 PREPARATION AND CHARACTERIZATION OF IRON OXIDE 
NANOCOMPOSITES 
To begin, the first section provides a summary of a typical experiment beginning with 
the evolution from 7nm SPIONs to spherical IONCs and their intrinsic physical 
characteristics. Various characterization techniques such as TEM, SEM, EDS, XRD 
and VSM were used to verify the physical composition, structure and magnetic 
properties of the magnetic nanoparticles and IONCs. Herein, the detailed results and 
analysis were provided for the formation of the IONCs, mainly using IONC-b5 as a 
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was characteristic of the (220) lattice planes of magnetite. The SPIONs could be 
completely dispersed in non-polar organic solvents such as hexane or CHCl3 to form a 
ferrofluid. The SPIONs were assembled through the mini-emulsion/solvent 
evaporation technique (section 2.4) using PBMA-g-C12 as the binding material to 
form the IONCs. Referring back to Figure 4-1, which illustrates the formation of 
IONCs via this process; it posited the formation of stable composite spheres due to the 
strong interdigitated hydrophobic interactions between the alkyl chains of the 
copolymer and oleic acid ligands of the SPIONs. The experiments so far have showed 
that this model was accurate in describing the formation of the IONCs because stable 
spherical composite nanospheres of SPIONs and PBMA-g-C12 could be formed. The 
general morphology and size distributions of the IONCs were observed under SEM. A 
typical SEM image of the IONCs is shown in Figure 5-2b. The IONCs, after 
purification, were spherical in shape and uniform in size, with smooth surfaces. Figure 
5-2c shows the EDS spectrum of the IONCs having the characteristic peaks of Fe, and 
this provided a good indication that the IONCs were composed of SPIONs. TEM 
images in Figure 5-2(d, e and f) show the IONCs under increasing scales of 
magnification. Similar to SEM imaging, the IONCs were observed to be spherical and 
uniform in size. The SPIONs were seen as obvious dark spots embedded in the low 
contrast nanogel matrix. Figure 5-2g displays a high resolution TEM image, which 
showed the dark spots being SPIONs embedded in the nanogel matrix and the particles 
were confirmed as SPIONs because they exhibited lattice fringes with periodic spacing 
(0.295 nm) similar to that of core SPIONs (0.297 nm). The inset image shows the 
selected area electron diffraction (SAED) pattern from which the diffractions rings was 
referenced to the characteristic lattice planes of Fe3O4 magnetite. Additionally, the 
XRD diffractogram in Figure 5-2h showed sharp peaks that were also referenced to the 
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magnetite phase (JCPDS card file: 80-0390). Hence, it was verified that the embedded 
SPIONs were of the magnetite phase. Finally, Figure 5-2i shows the strong 
superparamagnetism exhibited by the SPION-7nm and IONCs, with no coercivity at 
room temperature. This provided the first evidence that the assembly of the SPIONs 
into a single large cluster did not have a deleterious effect on the superparamagnetic 
properties of the nanoparticles. 
5.3 MAGNETIC PROPERTIES OF IRON OXIDE NANOCLUSTERS 
Firstly, the magnetic properties of the SPIONs and IONCs were characterized using 
VSM. In this section, the M(H) profiles were acquired for SPION-4nm, SPION-7nm 




Figure 5-3: (a) M(H) curves of SPION-4nm and IONC-a samples as measured using 
VSM. (b) Magnified M(H) profiles of the same SPION-4nm and IONC-a samples 
showing slight splitting of the curves. (c) M(H) curves of SPION-7nm and IONC-b 
samples as measured using VSM. (b) Magnified M(H) profiles of the same SPION-
7nm and IONC-b samples showing slight splitting of the curves. 
 
From Figure 5-3a, the 4 nm SPIONs exhibited a saturation magnetization (Ms) 
of 22.5 emu·g-1. The Ms of IONC-a1, IONC-a2, IONC-a3, IONC-a4, IONC-a5 and 
IONC-a6 were 0.20 emu·g-1, 1.23 emu·g-1, 1.91 emu·g-1, 3.59 emu·g-1, 8.20 emu·g-1 
and 10.3 emu·g-1, respectively. From Figure 5-3c, the 7 nm SPIONs exhibited a Ms of 
35.6 emu·g-1. The Ms of IONC-b1, IONC-b2, IONC-b3, IONC-b4, IONC-b5 and 


























































































































and 24.8 emu·g-1, respectively. The results are recorded and summarized in Table 5-1 
below. 
 
Table 5-1: Summary of the saturation magnetization (Ms) values of SPION-4nm, 















SPION-4nm - 22.5 ± 1.6  SPION-7nm - 35.6 ± 2.6 
IONC-a1 2.7 0.20 ± 0.03  IONC-b1 3.2 1.05 ± 0.29 
IONC-a2 11.4 1.23 ± 0.14  IONC-b2 16.6 4.99 ± 1.25 
IONC-a3 15.8 1.91 ± 0.16  IONC-b3 27.3 10.5 ± 2.0 
IONC-a4 21.3 3.59 ± 0.36  IONC-b4 33.2 16.2 ± 1.2 
IONC-a5 33.7 8.20 ± 0.51  IONC-b5 35.4 22.4 ± 1.5 
IONC-a6 36.8 10.3 ± 0.7  IONC-b6 37.4 24.8 ± 1.6 
 
The VSM measurements performed at room temperature showed that SPIONs 
and IONCs basically exhibited superparamagnetic behavior without any observed 
magnetic hysteresis. However, by zooming into the magnetogram in Figure 5-3b, it 
could be observed a slight magnetic hysteresis for SPION-4nm. This was evident of 
mild magnetic interactions between the SPIONs. A greater hysteresis could be seen for 
SPION-7nm in Figure 5-3d. Interestingly, the hysteresis effect was observed to be less 
in the IONC samples as it could be seen that the splitting of the curves were smaller, 
which meant that the IONCs possessed lower remanence magnetization. The higher 
coercivity of SPION-4nm and SPION-7nm as compared to their respective IONCs 
could be attributed to magnetic dipole interaction between individual SPIONs. This 
suggested that the magnetic interactions between the SPIONs were increasingly being 
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hindered by the polymer matrix. To gain further insight into such magnetic behavior, 
the magnetic properties of SPION-7nm and IONC-b samples were further investigated 
using a semiconducting quantum interference device (SQUID). 
 
 
Figure 5-4: ZFC and FC magnetization curves of SPION-7nm, IONC-b2, IONC-b5 
and IONC-b6 measured using the SQUID magnet. The blocking temperature (TB) was 
determined as the point where the ZFC and FC curves split. (ZFC curves are plotted in 
solid lines and FC curves are plotted in dotted lines.) 
 
SQUID was used to determine the temperature-dependent magnetic properties 
of the magnetic particles between 5 K and 300 K. Measurements were recorded under 
zero-field cooling (ZFC) and field cooling (FC) modes. As shown in Figure 5-4, all the 
samples exhibited the irreversible behavior that is typical for superparamagnetic 
nanoparticles. For IONC-b6, the ZFC and FC curves were perfectly aligned at the 
higher temperatures but began to diverge at temperatures approaching 40 K. The point 
of separation represents the irreversibility that occurred below 40 K and the blocking 


















temperature (TB) was about 30 K. This phenomenon was attributed to the gradual 
“blocking” of the magnetization in the particles as the temperature decreased. When 
the temperature is below TB, the materials are no longer considered superparamagnetic.  
It could also be observed that TB was 30 K for IONC-b6 while TB decreased slightly 
for IONC-b5 and approached 25 K for IONC-b2. This observation revealed a 
decreasing trend for TB with decreasing SPION loading. This could be attributed to the 
increasing intra-particle separation with respect to decreasing loading density per 
nanosphere. An increase in separation between individual SPIONs provided a larger 
barrier to reducing the dipole interaction between nanocrystals, thereby depressing TB. 
This observation is characteristic of superparamagnetic materials, with observed 
increase of TB when uncoated superparamagnetic nanoparticles were subjected to 
strong aggregation. [108] It was also noteworthy that the ZFC curve of SPION-7nm 
had a broad and diffused peak with a TB of approximately 85 K, which was 
significantly higher than that of all the IONC samples. This observation could be due 
to the uncontrolled aggregation of the nanocrystals during sample preparation, which 
involved letting the ferrofluid dry naturally in air. This could have led to the formation 
of agglomerates for the earlier VSM results (Figure 5-3), it was also observed that 
there was greatest separation in the M(H) curves for SPION-7nm. Hence, VSM and 
SQUID observations were in good agreement with each other. It was concluded that 
the unprotected SPION-4nm and SPION-7nm had experienced a certain degree of 
dipolar interaction that induced the superparamagnetic-ferromagnetic transition. This 
could be attributed to the uncontrolled agglomeration of the magnetic nanoparticles 
during sample preparation. In the case of the IONCs, the effects of dipolar interactions 
were less because the core nanoparticles were well-isolated from each other by the 
polymeric matrix. More importantly, the IONCs retained the superparamagnetic 
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properties of SPIONs despite being larger than 100 nm in size. It is well-known that 
single-crystal or polycrystalline magnetite particles in the same size range would 
exhibit strong ferromagnetic behavior. Hence, it was evident that the magnetic 
interactions between the particles were minimal such that superparamagnetic-
ferromagnetic transition was effectively suppressed. 
5.4 CALCULATION OF INTRA-PARTICLE SEPARATION 
In section 5.3, it was shown that the magnetic properties of the IONCs could be 
affected by the intra-particle separation, dsep, of the nanoparticles within the polymeric 
spheres. Estimations of dsep were derived using TGA data. Firstly, the average number 
of SPIONs embedded in a sphere was estimated on the basis of wt% SPION. The 
densities of Fe3O4 and the polymer matrix were taken be 5.15 g·cm-3 and 1.3 g·cm-3, 
respectively, as adopted from online resources. 
ρ is density, m is mass, and wt% is SPION loading: 






































No. of SPIONs per sphere: 
  --- (Eqn 4) 
The average separation distance (dsep) between the particles was estimated by 
assuming that the SPIONs were perfectly dispersed within the spherical nanogel 
matrix. Individual SPIONs occupied a volume of space, Vspace, within the spherical 
matrix. The maximum volume fraction occupied by closed-packed spheres in a body is 




Figure 5-5: Schematic diagram illustrating the radius of space occupied by each 







































The maximum spatial volume occupied by a single nanocrystal: 
 
  --- (Eqn 5) 
  --- (Eqn 6) 
Hence, dsep could be estimated based on Eqn 6, in which rspace could be calculated 
using Eqn 5. nSPION in Eqn 5 could be determined using Eqn 4. 
5.5 RELATIONSHIP BETWEEN MAGNETIC PROPERTIES AND INTRA-
PARTICLE SEPARATION IN IONCS 
In this section, the intra-particle separation, dsep, of each IONC was calculated using 
Eqn 6. The saturation magnetization (Ms) of the samples was also normalized 
according to the amount of Fe in each sphere according to Eqn 7 to obtain Ms,Fe. 
  --- (Eqn 7) 
Ms,Fe was used to describe the magnetic contribution of the SPIONs and IONCs based 





































SPION-4nm – – 22.5 ± 1.6 45.4 ± 3.3 
IONC-a1 2.7 14.7 0.20 ± 0..03 10.1 ± 1.5 
IONC-a2 11.4 6.7 1.23 ± 0.14 14.9 ± 1.7 
IONC-a3 15.8 5.3 1.91 ± 0.16 16.7 ± 1.4 
IONC-a4 21.3 4.2 3.59 ± 0.36 23.3 ± 2.3 
IONC-a5 33.7 2.5 8.20 ± 0.51 33.6 ± 2.1 
IONC-a6 36.8 2.3 10.3 ± 0.7 38.6 ± 1.8 
SPION-7nm – – 35.6 ± 2.6 62.3 ± 4.5 
IONC-b1 3.2 20.3 1.05 ± 0.29 45.4 ± 12.6 
IONC-b2 16.6 7.7 4.99 ± 1.25 41.4 ± 10.4 
IONC-b3 27.3 4.9 10.5 ± 2.0 52.9 ± 9.9 
IONC-b4 33.2 3.9 16.2 ± 1.2 67.2 ± 5.1 
IONC-b5 35.4 3.6 22.4 ± 1.5 87.4 ± 6.0 
IONC-b6 37.4 3.3 24.8 ± 1.6 91.7 ± 6.0 
 
Firstly, Ms was plotted against SPION loading for both samples sets. Additional 
experimental data points of IONCs with different loadings were also obtained and used 




Figure 5-6: Plot of magnetization saturation (Ms) against SPION loading (wt%) for 
IONC-a (◊) and IONC-b (∆) samples. (Dotted lines were drawn as a guide to the eye.) 
 
The results in Figure 5-6 revealed an interesting non-linear relationship. This 
result was not representative of any known theoretical model, but the non-linear and 
effectively exponential trend line did suggest the presence of additional contributions 
to the magnetic susceptibility of the IONCs other than Fe content. The enhanced 
magnetization could be attributed to the increasingly close interaction between the 
SPIONs within the sphere when the loading increased. This observation had 
similarities to results reported by other previously reported experiments [ 109 ], 
although they were based on how the magnetic relaxivity values were affected by both 
particle and aggregate size. In this study, instead of looking at the aggregate size, the 
effects of the intra-particle separation on the magnetic properties were investigated. 
Herein, Ms was normalized against Fe content to obtain Ms,Fe and plotted 
against dsep in order to study the effective magnetizations of the SPIONs according to 




















Figure 5-7: Plot of Ms,Fe against intra-particle separation dsep for IONC-a (◊) and 
IONC-b (∆) samples. (Dotted lines were drawn as a guide to the eye.) 
 
The data series in Figure 5-7a revealed a relatively constant Ms,Fe when dsep was 
greater than 6 nm. For Figure 5-7b, a similar trend was observed with little variation in 
Ms,Fe when the dsep was greater than 5 nm However, when dsep decreased to below their 
respective threshold values, it could be plainly observed a steep transition in the 
magnetization strength of the samples. For instance, when dsep was less than 5 nm for 
IONC-b (Figure 5-7b), there was an abrupt rise in Ms,Fe. Such observations were 
similar to the results generated by Monte Carlo simulations on magnetic relaxation and 
particle separation. [100] This provided evidence that the magnetic susceptibility of the 
SPIONs were strongly affected by dsep at close proximities. Using this method, the 
effective separation distance when this occurred could be estimated to be 
approximately 6 nm for IONC-a and 5 nm for IONC-b. The effective dsep for both 
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between the two samples could be attributed to experimental inaccuracy, as the 
uncertainty of the Ms,Fe measurements were relatively high. Furthermore, the 
determination of the dsep was also based on approximation of the average SPION and 
IONC sizes, which contributed to greater uncertainties in the calculations. Despite this, 
the fact remained that there was a transitional steep rise of the magnetization below a 
particular separation distance. This proposes a set of new experiments for estimating 
the critical dsep below which very strong dipole-dipole interactions could occur. This 
might be potentially useful and could be applied for the study of other magnetic 
materials in the future. 
5.6 MRI RELAXIVITY STUDIES 
Magnetic relaxivity studies of the magnetic particles were investigated using a 3T 
magnet to better understand the effects of controlled clustering of SPIONs on magnetic 
relaxivity and their potential as MRI contrast agents. Based on the previously 
discussed experiments, SPION-7nm exhibited much stronger magnetic properties (35.6 
emu·g-1) as compared to SPION-4nm (22.5 emu·g-1). As a result of this, the IONC-b 
samples (fabricated from SPION-7nm) also displayed much better magnetization 
qualities as compared to the IONC-a samples. Thus, the analysis and discussion on the 
magnetic relaxivity measurements were focused on SPION-7nm and the IONC-b 
samples. 
To proceed, it should firstly be pointed out again that the SPIONs were initially 
hydrophobic, and hence, were firstly phase transferred into water by coating with 
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Table 5-3: Summary of T1 values obtained for Ferucarbotran, SPION-7nm, and IONC-
b samples with spin echo sequences (TE: 9.1 ms, TR: 100 ms - 6400 ms). 
Sample Fe concentrations 
name 0.0313 mM 0.0625mM 0.125 mM 0.25 mM 0.50 mM 
Ferucarbotran - 1696 ms 1106 ms 672 ms 384 ms 
SPION-7nm - 1200 ms 807 ms 477 ms 275 ms 
IONC-b1 - 2307 ms 2108 ms 1981 ms 1783 ms 
IONC-b2 - 3152 ms 2966 ms 2740 ms 2503 ms 
IONC-b3 - 3057 ms 3006 ms 2784 ms 2407 ms 
IONC-b4 - 2904 ms 2933 ms 2777 ms 2387 ms 
IONC-b5 - 3102 ms 2857 ms 2668 ms - 
IONC-b6 2183 ms 2259 ms 2281 ms 2235 ms - 
 
Table 5-4: Summary of T2 values obtained for Ferucarbotran, SPION-7nm, and IONC-
b samples with single echo pulse sequences (6 echoes; TE: 9.1 ms – 160 ms, TR: 1600 
ms). 
Sample Fe concentrations 
name 0.0313 mM 0.0625mM 0.125 mM 0.25 mM 0.50 mM 
Ferucarbotran - 62 ms 32 ms 22 ms 11 ms 
SPION-7nm - 150 ms 77 ms 38 ms 20 ms 
IONC-b1 - 148 ms 78 ms 39 ms 20 ms 
IONC-b2 - 128 ms 67 ms 34 ms 18 ms 
IONC-b3 - 61 ms 30 ms 16 ms 8 ms 
IONC-b4 - 52 ms 27 ms 14 ms 6 ms 
IONC-b5 - 37 ms 19 ms 11 ms 6 ms 




Table 5-5: Summary of T2* values obtained for Ferucarbotran, SPION-7nm, and 
IONC-b samples with a gradient echo sequence (8 echoes; TE: 4 ms – 80 ms, TR: 1600 
ms). 
Sample Fe concentrations 
name 0.0313 mM 0.0625mM 0.125 mM 0.25 mM 0.50 mM 
Ferucarbotran - 64 ms 34 ms 18 ms 9 ms 
SPION-7nm - 143 ms 76 ms 39 ms 21 ms 
IONC-b1 - 137 ms 74 ms 40 ms 20 ms 
IONC-b2 - 115 ms 63 ms 33 ms 18 ms 
IONC-b3 - 63 ms 31 ms 16 ms 8 ms 
IONC-b4 - 53 ms 28 ms 15 ms 6 ms 
IONC-b5 - 36 ms 19 ms 11 ms 6 ms 
IONC-b6 75 ms 39 ms 21 ms 9 ms - 
 
From the relaxation times T1, T2, and T2*, the relaxation rates R1, R2, and R2*, 
respectively, could be obtained via the relationship . The relaxation rates were 











Table 5-6: Summary of R1 values for Ferucarbotran, SPION-7nm, and IONC-b 
samples. 
Sample Fe concentrations 
name 0.0313 mM 0.0625mM 0.125 mM 0.25 mM 0.50 mM 
Ferucarbotran - 0.589 s-1 0.904 s-1 1.489 s-1 2.606 s-1 
SPION-7nm - 0.833 s-1 1.238 s-1 2.097 s-1 3.630 s-1 
IONC-b1 - 0.436 s-1 0.476 s-1 0.507 s-1 0.564 s-1 
IONC-b2 - 0.317 s-1 0.337 s-1 0.365 s-1 0.400 s-1 
IONC-b3 - 0.327 s-1 0.333 s-1 0.359 s-1 0.415 s-1 
IONC-b4 - 0.344 s-1 0.341 s-1 0.360 s-1 0.419 s-1 
IONC-b5 - 0.322 s-1 0.350 s-1 0.375 s-1 - 
IONC-b6 0.458 s-1 0.443 s-1 0.438 s-1 0.448 s-1 - 
 
Table 5-7: Summary of R2 values for Ferucarbotran, SPION-7nm, and IONC-b 
samples. 
Sample Fe concentrations 
name 0.0313 mM 0.0625mM 0.125 mM 0.25 mM 0.50 mM 
Ferucarbotran - 16.1 s-1 30.6 s-1 60.1 s-1 118.6 s-1 
SPION-7nm - 6.7 s-1 12.9 s-1 26.1 s-1 50.3 s-1 
IONC-b1 - 6.8 s-1 12.8 s-1 25.5 s-1 49.8 s-1 
IONC-b2 - 7.8 s-1 14.9 s-1 29.7 s-1 56.9 s-1 
IONC-b3 - 16.5 s-1 33.4 s-1 63.4 s-1 127.2 s-1 
IONC-b4 - 19.4 s-1 36.5 s-1 70.4 s-1 154.6 s-1 
IONC-b5 - 26.9 s-1 51.6 s-1 91.6 s-1 160.3 s-1 





Table 5-8: Summary of R2* values for Ferucarbotran, SPION-7nm, and IONC-b 
samples. 
Sample Fe concentrations 
name 0.0313 mM 0.0625mM 0.125 mM 0.25 mM 0.50 mM 
Ferucarbotran - 15.7 s-1 29.3 s-1 56.5 s-1 110.5 s-1 
SPION-7nm - 7.0 s-1 13.2 s-1 25.9 s-1 48.1 s-1 
IONC-b1 - 7.3 s-1 13.5 s-1 25.3 s-1 49.0 s-1 
IONC-b2 - 8.7 s-1 16.0 s-1 30.6 s-1 55.6 s-1 
IONC-b3 - 15.8 s-1 32.3 s-1 62.1 s-1 121.5 s-1 
IONC-b4 - 18.9 s-1 35.3 s-1 69.0 s-1 156.5 s-1 
IONC-b5 - 27.5 s-1 52.1 s-1 93.5 s-1 176.7 s-1 
IONC-b6 13.4 s-1 25.8 s-1 48.5 s-1 112.1 s-1 - 
 
The R1, R2, and R2* values could then be plotted against Fe concentration [Fe]. 
In Figure 5-9 below, the relaxation rates of selected samples were drawn for 
comparison. The relaxation rates describe how quickly the longitudinal magnetization 
is restored (R1) or how quickly the transverse magnetization is dephased (R2 and R2*). 
The higher the R values, the faster would be the recovery rate. A high R1 produces a 
bright image while a high R2 or R2* produces a dark image. By plotting the R1, R2, or 




Figure 5-9: (a) Graphs of R1 against iron concentration [Fe]. (b) Graphs of R2 against 
[Fe]. (c) Graphs of R2* against [Fe]. 
 
Figure 5-9a, b, and c show the R1 longitudinal relaxation rates, transverse R2 
relaxation rates, and transverse R2* relaxation rates, respectively, against [Fe] for 
Ferucarbotran, SPION-7nm, and IONC-b6. In general, the relaxation rates for R1 and 
R2 increased proportionally with the Fe concentration. By obtaining the gradient of 
each best fit line, the relaxivity constants r1, r2, or r2* could be obtained from the 
respective R1, R2, or R2* constants. The relaxivity constant describes the rise in 
relaxation rate with respect to concentration of the magnetic component, in this case, 


















































parameter is used in comparison with other Fe-based contrast agents. The relaxivity 
values obtained are recorded in Table 5-9. 
 










Ferucarbotran 4.6 238 223 52 
SPION-7nm 6.6 101 98 15 
IONC-b1 0.41 100 99 243 
IONC-b2 0.18 115 114 647 
IONC-b3 0.22 254 245 1173 
IONC-b4 0.22 303 304 1384 
IONC-b5 0.25 335 361 1337 
IONC-b6 0.32 439 435 1390 
 
From Table 5-9, it could be seen that the r2 and r2* values are generally similar 
in value due to reasons to be explained in a while. But in practice, r2* is more often 
used instead of r2 to describe the transverse relaxation process because it includes the 
effect of impecfections in the external magnetic field. Hence, only r2* is used for 
comparison in this section. Ferucarbotran was experimentally determined to exhibit an 
r2* of 223 s-1mM-1[Fe], while SPION-7nm had an r2* of 98 s-1mM-1[Fe]. Ferucarbotran 
was clearly a more effective T2-weighted contrast agent than SPION-7nm. This could 
be attributed to the greater magnetization of Ferucarbotran particles because they were 
much larger than the SPIONs (62 nm compared to 20.2 nm). Nevertheless, a greatly 






containing blank nanopsheres were also prepared and the MRI measurements revealed 
practically no effect on r1, r2 or r2*, which confirmed that the polymeric nanogel was 
non-magnetic. Hence, these results proved that the relaxivity enhancement caused by 
IONCs was solely due to the clustering effect of SPIONs. 
The longitudinal relaxivities caused by the IONC-b samples were observed to 
be very low with respect to Ferucarbotran and SPIONs (Table 5-9). Ferucarbotran and 
SPION-7nm exhibited relatively high r1 values of 4.6 s-1mM-1[Fe] and 6.6 s-1mM-1[Fe], 
respectively. On the other hand, the IONC-b samples exhibited very low r1 values. For 
instance, IONC-b1 exhibited an r1 of 0.41 s-1mM-1[Fe]. The formation of the 
nanoclusters appeared to have effectively suppressed the T1 effect of the SPIONs. Such 
an observation was consistent with results reported by Roch et al., whereby there was 
observed flattening of NMR dispersion profiles with agglomeration. [74] As a result, 
these IONCs had relaxivity ratios ( ) that were up to 2 orders of magnitude greater 
than that of unclustered SPIONs. The  ratio is a notable parameter in comparing 
effectiveness of MRI contrast agents. A large ratio implies that the material is a good 
T2 contrast agent, while a small ratio implies that the material is a good T1 contrast 
agent. The  ratio increased from 15 for SPION-7nm up to 1390 for the IONC-b6. 
Thus, it could be concluded that the IONCs were highly effective contrast agents for 
T2-weighted MR imaging. Hence, such a clustering design could be used as a key 
















Figure 5-10: (a) Transverse relaxivity (r2*) against saturation magnetization (Ms) for 
IONC-b of varying SPION loading. (b) Comparison of r2 and r2* values of the IONC-b 
samples. 
 
When r2* was plotted against Ms for the IONC-b samples, a linear relationship 
was established (Figure 5-10a). r2 values were also observed to remain very close to 
r2* values for all the IONC samples as seen in Figure 5-10b. These results 
corresponded well to results reported by Lee et al. [111] The IONCs had sizes ranging 
from 131–250 nm, which were within the static dephasing regime (SDR) for standard 
magnetic relaxation behaviour. This regime occurs under the condition whereby the 
translation diffusion time, τD, of the protons around the magnetic cluster becomes 
larger than the SDR time, τSDR, defined by the relationship: . Under such a 
condition, r2 remains equal to r2* as long as the refocusing pulses are not efficient 
because the rate of dephasing is high. For this, the IONCs can be visualized as large 
centers of magnetization such that the translational diffusion times of water about the 
spheres are very long. In this regime, the r2* relates linearly to particle magnetization 
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was that there was a marked improvement in contrast from SPION-7nm to IONC-b2 
(16.6 wt%Fe3O4) to IONC-b6 (37.4 wt%Fe3O4), which was evidence of signal 
amplification caused by increased SPION loading. This showed that a lower 
concentration of IONC-b6 was required to achieve the same contrast effect as 
compared to Ferucarbotran. Such results are important because reducing the dosage 
levels of MRI contrast agents can contribute to alleviating problems related to 
cytotoxicity effects. Hence, it can be seen that a marked improvement has been 




Figure 5-12: Schematic illustrating the clustering of many magnetic nanoparticles to 
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So far, it was experimentally shown that the IONCs acted as large magnetized 
spheres with enhanced magnetizations. This could be better described by the 
hypothetical model illustrated in Figure 5-12. A large magnetized sphere generates a 
wider zone of non-homogenous field as compared to individual SPIONs and thus 
disturbs the local magnetic field to a greater extent. Water molecules passing the non-
uniform field will experience a wide range precession frequency, and hence, the 
dephasing process occurs rapidly. This supports the experimental evidence that the 
formation of IONCs yielded significant improvements in T2 relaxivities as compared to 
singular SPIONs. Additionally, by keeping the Fe concentration constant, this 
enhancement could be attributed completely to the effect of assembled nanoparticle 
structure. The magnetic properties of the IONCs were also very sensitive to the 
SPION-loading, which was easily controlled by varying the amount of SPIONs 
injected into the emulsion. Moreover, r2* can be expected to be further boosted by 
utilizing superparamagnetic nanoparticle of greater intrinsic magnetization. Therefore, 
the process of controlled loading in the formation of such magnetic nanoclusters could 
be seen as a key technological design for the improvement of current 
superparamagnetic T2 contrast agents for MRI applications. 
5.7 FLUORESCENT TAGGING OF CELLS FOR DUAL MODAL IMAGING 
The IONCs were modified with fluorescein to add photoluminescent properties to the 
magnetic particles. Optical imaging can be utilized in conjunction with MR imaging 
for dual modal imaging purposes. In this way, complementary datasets obtained by 
bringing together MRI and fluorescence imaging functionalities could provide more 
accurate diagnostic capabilities. The protocol for adding fluorescein to the brush 
copolymer was described in section 2.2.6. The optical properties of the fluorescein-
122 
modified IONCs were studied using PL and UV-VIS absorbance spectroscopy. The 




Figure 5-13: (a) PL emission spectra of (i) fluoresceinamine, (ii) blank fluorescent 
nanogels, and (iii) IONC-b2 dispersed in water. (iv) The PL excitation spectrum for 
IONC-b2 with the emission wavelength fixed at 520 nm. (b) UV-Vis absorbance 
spectra for (i) fluoresceinamine; (ii) blank fluorescent nanogels; (iii) IONC-b2; (iv) 
IONC-b3; (v) IONC-b4; and (vi) IONC-b5 in water. 
 
From Figure 5-13a, it could be seen that pure fluoresceinamine (i) had a peak 
emission wavelength (λem) centered at 520 nm (green) and there was no observable 
shift in λem after conjugation to PBMA (ii) or by incorporating SPIONs to the 
nanospheres (iii). However, there was a marked decrease in the PL intensity after the 
incorporation of SPIONs as compared to the blank fluorescent nanospheres. This could 
be attributed to the decrease in absorption intensity as revealed in Figure 5-13b, where 
the absorption peaks dropped with respect to increasing SPION loading. This was 
likely due to contribution of SPION nanocrystals to the absorption and scattering of 
light within this range of wavelength, which caused a rise in absorption baseline and 
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The photoluminsecent property of fluorescein-conjugated IONCs was clearly 
observed under UV illumination (λmax = 365 nm) from a filtered UV lamp. The 
photographs in Figure 5-14a showed that the unmodified IONC remained dark (under 
UV illumination), while the fluorescein-modified IONC in Figure 5-14b produced a 
bright green fluorescence. Under conventional lighting, both the samples displayed no 
discernable difference (Figure 5-14c and Figure 5-14d, respectively). This provided 
clear indication that the fluorescent property of the IONCs was solely due to the 
presence of fluorescein in the nanogel. IONC-b4 was selected for cell-labelling study 
because it had a relatively high SPION-loading while offering a good 
photoluminescence yield. For the cell labelling experiments, NIH/3T3 fibroblast cells 
were incubated with IONC-b4 for 24 hours and fluorescent images were taken using a 
confocal microscope. Photographs taken in Figure 5-14e and Figure 5-14f showed that 
the NIH/3T3 cells were effectively stained with green fluorescence after the 
introduction of IONC-b4. This effect could be attributed entirely to the addition of 
IONC-b4 because the controls (Figure 5-14g and Figure 5-14h) exhibited no 
fluorescence at all. The confocal image was evident of cell penetration of the IONCs 
via endocytosis due to the observed green staining of the cytoplasm with an unlabelled 
nucleus. However, the pathway of endocytosis remained unclear. In spite of this, the 
experiments have shown that the delivery of IONCs into cells could be tracked by 
optical imaging. More importantly, it was demonstrated the ease of modifying the 
IONCs through the use of the functional polymeric material. By using a similar 
conjugation technique, therapeutic agents or other functional moieties such as targeting 
agents, could also be conjugated to the nanogels in a similar fashion to achieve active 
targeting of specific cells. 
125 
5.8 REMARKS 
In this chapter, the magnetic property of the IONCs was studied according to their 
SPION loading densities. It was shown that the clustering effect induced enhanced 
magnetic susceptibility of the nanocomposites as a whole. The intra-particle separation 
was determined to be an important parameter in this behaviour. Therefore, a model 
was designed to calculate the effective intra-particle separation, dsep, and it was plotted 
against the normalized magnetic saturation values (Ms,Fe) of the IONCs. The results 
revealed a threshold value for dsep below which the magnetic interaction between the 
magnetic core became dominant. Both the IONC-a and IONC-b samples were 
demonstrated to exhibit this similar behavior. Thus, the SPION loading was shown to 
have a significant effect on the magnetic properties of the IONCs. 
This effect was further extended to the MR relaxivity behaviour of the particles 
as experimentally shown by the magnetic relaxivity experiments. Transverse magnetic 
relaxivities (r2 and r2*) were more enhanced by the IONCs, whereas the longitudinal 
magnetic relaxivity (r1) was effectively suppressed. The r2 relaxivity of the IONCs 
improved with increasing internal SPION-loading. More importantly, the r2 values 
were effectively boosted to values higher than the commercially product Ferucarbotran. 
The high  ratios for the IONCs implied that the cluster design could be adopted as a 
key technological design for the fabrication of more effective T2-weighted contrast 
agents. The IONCs were also tagged with fluorescein and conferred photoluminescent 
property. It was finally demonstrated that the fluoresecent IONCs were able to label 
NIH/3T3 cells. The fluorescein-modified IONCs possessed strong MR functionality on 






applications. This shows the capability to further develop such nanoprobes with 
multiple functionalities for in vivo bioimaging and diagnostic purposes. 
127 
CHAPTER 6: STUDY OF MAGNETIC NANOSTRUCTURES 
FOR OFF-RESONANCE MR SPECTROSCOPIC IMAGING 
The purpose of this chapter was to study the 1H NMR frequency shift of water protons 
caused by the magnetic nanocomposite structure, followed by its application in off-
resonance MR spectroscopic imaging. The main experimental aims can be listed as 
follows: 
i. To synthesize magnetic nanocomposites structures using MnFe2O4 octahedron 
nanoparticles (18 nm) as the magnetic core. 
ii. To measure 1H NMR shift of water protons by varying the concentrations and 
magnetic loading of the nanocomposites. 
iii. To study the water absorption behaviours of the magnetic nanocomposites. 
iv. To demonstrate the off-resonance MR spectroscopic imaging technique using 
MR phantom imaging. 
v. To perform the final pH stability, colloidal stability, and cell cytotoxcity 
studies on the magnetic nanocomposites. 
6.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
The main issue to be addressed in this thesis was the monochromatic nature of MR 
images. In Chapter 5, it was shown experimentally that nano-assemblies of the 
SPIONs had an influence on its magnetic characteristics. This in turn translated to a 
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Generally, pre-contrast and post contrast scans are obtained to visually detect contrast 
changes. However, this method is susceptible to image artefacts due to magnetic field 
inhomogeneity, which can significantly reduce the detection accuracy of the CAs in 
the subtracted images (post contrast minus pre-contrast scans). 
In order to realize MR spectroscopic imaging, it is necessary to refocus the 
protons to resonate at a distinct NMR frequency that is different from bulk water 
protons. As described earlier in section 1.3, techniques such as PET and SPECT 
techniques utilize radioactive tracers that are absolutely distinct from the natural 
environment, such that the occurrence of false positives becomes very low. Thus, it 
can be seen that if a biomarker could be introduced for MRI that provides signals 
distinct from the background, it could effectively eliminate the background signals and 
focus on the site where the biomarkers are localized in. Another example is proton-
markers such as alternative compounds containing 19F and 13C that were found to be 
successfully tagged to sites of interests in animal studies. These heteronuclei have 
different NMR frequencies from 1H such they can be detected with high contrast-to-
noise ratio without interference from water in the body. Spectral shifts in 1H could also 
be induced by CEST agents, although these techniques relied on additional pre-
saturation pulses and signals are obtained based on a reduction of the main water peak. 
The main shortcoming of these contrast agents is that the detection limits of 
heteronuclei and CEST probes are above the micromolar concentration. [112,113] This 
makes it a considerable challenge to detect the biomarkers under physiological 
conditions that generally dilutes the CAs to much lower concentrations (nmol·L-1). In 
this case, SPIONs have the advantage due to their significantly higher molar 
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volume in which the magnetic field is homogeneous and distinct from the surrounding 
fields. 1H of water molecules residing in these localized homogeneous magnetic field 
regions would experience a systematic shift in their NMR frequency as compared to 
bulk water protons. The frequency shift can thus be recorded as discrete spectroscopic 
signals in NMR. 
As discussed in section 1.3.4, a systematic shift in the Larmor precession 
frequency of water protons could be achieved through magnetic interactions with 
micromachined magnetic particles as reported by Zabow et al. Problems to be 
addressed in this design were the large size and toxicology of material used to fabricate 
the magnetic particles. The proposed design should emulate the unique structural 
symmetry that generates the local homogeneous magnetic fields and also make use of 
materials that are more biocompatible. Accordingly, the magnetic nanocomposite 
suggested in this thesis project has a unique structure whereby the nanocrystals are 
spaced apart within the nanospheres such that unique magnetic properties could be 
observed. The choice of the more biocompatible iron oxide-based magnetic particles 
here would resolve the problem of cytotoxicity. 
In an attempt to emulate the unique structures of the micromachined particles, 
octahedron superparamagnetic nanoparticles with highly faceted surfaces were 
synthesized. As such, they could hypothetically induce more uniform disturbance in 
the local magnetic flux. Furthermore, the magnetization of the nanoparticles was 
enhanced by synthesizing partially substituted iron oxide in the form of manganese 




Figure 6-3: Schematic diagram illustrating a perfect octahedron crystallographic 
structure showing the {111} surfaces and the <111> easy axis. 
 
Figure 6-3 shows the structure of a perfect octahedron nanocrystal. The 
octahedron structure was chosen because the nanocrystals are surrounded by {111} 
facets. Given that the easy axis of MnFe2O4 nanoparticles is in the <111> direction, 
they were expected to exhibit its best intrinsic magnetic properties. Such nanocrystals 
can also be embedded in the polymeric sphere, in which the separation between the 
nanocrystals could be controlled by varying the nanoparticle loading density. 
Statistically speaking, a substantial proportion of the embedded nanocrystals would be 
aligned in such a way as to generate localized regions of homogeneous magnetic fields. 
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affected by the percentage of water protons affected by the inner-field. The frequency 
shift would then be determined by the inner-field homogeneity, which means that a 
uniform distribution of the nanocrystals in the matrix is important. The induction of the 
secondary water peak gives the possibility to extend the functionalities of current MRI 
technology. 
6.2 PREPARATION AND CHARACTERIZATION OF MANGANESE FERRITE 
NANOCOMPOSITES 
In this study, the 18 nm MnFe2O4 nanoparticles (MFN-18nm) from section 2.2.3 were 
used because MFN-18nm exhibited the greatest magnetization without compromising 
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octahedron. This faceted structure was obtained by some modification of the synthesis 
conditions to incorporate Mn. MFN-18nm was completely dispersed in hexane or other 
non-polar solvents to form a perfect ferrofluid. TEM images in Figure 6-5b shows that 
the as-synthesized MFNs were octahedrons with a narrow size distribution centered at 
approximately 18 nm. The MFNs were well-dispersed without any signs of 
agglomeration, which proves that the MFNs were superparamagnetic. DLS profiling 
also gave a Z-average hydrodynamic size of 23 nm in chloroform, which was also in 
good agreement with the other results. DLS showed that the nanoparticles were highly 
monodisperse with a very low PDI of 0.09. The lattice fringes shown in the high-
resolution TEM image (Figure 6-5c) revealed the high crystallinity of these particles 
and the lattice spacing between two adjacent planes was measured to be 0.481 nm and 
0.293 nm, which agreed well with the d-spacing of the (111) and (220) lattice planes of 
jacobsite, respectively. To form the magnetic nanocomposites, the MFNs were mixed 
with the amphiphilic copolymer (PBMA-g-C12) using the same mini-emulsion 
technique described in section 2.4. The morphology of the as-formed manganese 
ferrite nanocomposites (MFNCs) is shown in Figure 6-5d. The size distributions of the 
MFNCs were observed to be uniform and monodisperse. As seen in the size 
distribution profile, the MFNCs had a narrow size distribution with particle diameter 
of approximately 110 nm. The MFNCs were successfully formed into spherical 
composites of MFN-18nm and PBMA-g-C12, as visualized by the TEM image in 
Figure 6-5e. Octahedral shapes could be clearly seen embedded within the nanogel 
matrix. The high-resolution TEM of a single MFNC particle (Figure 6-5f) was used to 
verify that the nanoparticles embedded in the sphere were the same MFNs as described 
earlier as they exhibited the same lattice parameters as in Figure 6-5c. EDS analysis 
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spheres as can be seen by the increasing loading density from Figure 6-6e to Figure 
6-6h. The true loading densities of the MFNCs were determined using TGA. 
 
 
Figure 6-7: TGA profiles of MFN-18nm, MFNC-1, MFNC-2, MFNC-3, and MFNC-4. 
 
From the TGA profiles in Figure 6-7, the nanoparticles loading of each sample 
was determined to be 7.0 ± 2.3 wt%, 10.3 ± 2.6 wt%, 27.0 ± 1.2 wt%, and 35.9 ± 1.7 
wt% for MFNC-1, MFNC-2, MFNC-3, and MFNC-4, respectively. These results show 
that the process for forming the magnetic nanocomposites were highly reproducible. 
Hence, this mini-emulsion technique was shown to be highly versatible and could be 
applied for a wide variety of nanocrystals with different size and/or morphologies. The 
MFNCs were further characterized by DLS measurements to provide more precise 
information regarding the size and size distribution profiles of MFNCs in water. The 


































Table 6-1: Summary of magnetic properties of MFNs and MFNCs. Saturation 
















MFN-18nm - - 23 0.09 97.1 ± 3.3 
MFNC-1 0.5 7.0 ± 2.3 175 0.06 2.2 ± 0.7 
MFNC-2 1 10.3 ± 2.6 146 0.05 3.5 ± 0.9 
MFNC-3 5 27.0 ± 1.2 139 0.02 26.5 ± 1.2 
MFNC-4 10 35.9 ± 1.7 132 0.07 44.8 ± 2.1 
a Weight percentage of MFN-18nm in MFNC as determined using TGA. b Z-average 
particle size and polydispersity index (PDI) as measured using DLS. c Saturation 
magnetization (Ms) as measured by VSM. 
 
For the MFNCs, the PDI were very small and the hydrodynamic diameters 
were below 200 nm. As expected, MFNC-1 exhibited the largest hydrodynamic 
diameter of 175 nm, while MFNC-4 exhibited the smallest hydrodynamic diameter of 
132 nm. Again, this agrees well with the observations discussed for the previous 
IONCs samples, whereby the nanoparticles loading density could affect the swelling 
properties of the polymeric nanospheres. In general, it was seen that DLS 
measurements provided size measurements of larger values than the particles observed 
under electron microscope, and this was consistent with the swelling behavior of the 
nanogels in wet state as compared to dry state. 
The magnetic properties of the MFNs and MFNCs were characterized using 




Figure 6-8: (a) M(H) profiles of MFN-18nm, MFNC-1, MFNC-2, MFNC-3 and 
MFNC-4 as measured using VSM. (b) Magnified M(H) profile of MFN-18nm, MFNC-
1, MFNC-2, MFNC-3, and MFNC-4. (c) ZFC and FC profiles of MFN-18nm, MFNC-
1, MFNC-2, MFNC-3, and MFNC-4 measured using SQUID. (Arrows point to the 
approximate position of the blocking temperature.) 
 
The magnetic properties of MFN-18nm and MFNCs were evaluated by field-
dependent magnetization M(H) measurements at 298 K using a vibrating sample 
magnetometer (VSM). As shown in Figure 6-8a, the lack of hysteresis loops was 
characteristic of the superparamagnetic nature of MFN-18nm and the MFNCs. The Ms 




















































































maximum value of bulk manganese ferrite (120.8 emu·g-1). Subsequently, the MFNCs 
were found to have Ms of 2.2 emu·g-1, 3.5 emu·g-1, 26.5 emu·g-1, and 44.8 emu·g-1 for 
MFNC-1, MFNC-2, MFNC-3, and MFNC-4, respectively. Although MFN-18nm was 
superparamagnetic, it could be observed a slight splitting of the M(H) loop (Figure 
6-8b), which indicated a slight coercivity. Similar to that observed for the IONCs, the 
splitting of the hysteresis loop decreased for the MFNCs and with decreasing MFN 
loading. This observation could be attributed to the magnetic dipole interaction 
between the MFNs that gives rise to coercivity. To investigate further, the magnetic 
properties of MFNC-1, MFNC-2, MFNC-3 and MFNC-4, together with MFNs as a 
control, were also characterized using SQUID measurements, with the temperature 
ranging from 5 to 300 K. In Figure 6-8c, the temperature-dependent field cooling (FC) 
and zero-field cooling (ZFC) magnetization curves were recorded. The blocking 
temperatures (TB) were taken as the point of divergence between the FC and ZFC 
curves, below which the particles are no longer superparamagnetic. From this, the TB 
of MFN, MFNC-4, MFNC-3, MFNC-2 and MFNC-1 were determined to be 
approximately 300 K, 150 K, 130 K, 100 K and 90 K, respectively. The depression of 
TB when the MFNs were encapsulated into the polymeric nanospheres to form MFNCs 
provided evidence that the dipolar interaction between the MFNs were suppressed. TB 
decreased even more when the loading density of the MFNCs was reduced. The 
polymer matrix could be seen here as being effective for insulating the magnetic 
particles, thus reducing the magnetic interactions that lead to the superparamagnetic-
ferromagnetic transition. Hence, it could be deduced that magnetic particles were 
distinctly separated and spaced-out within the MFNC nanospheres. This characteristic 
















































































Initially, a blank sample containing only pure water was tested that produced a 
single sharp peak. This main water peak was assigned as 0 ppm for easy referencing. 
For the 0.5 mM sample, it was observed the occurrence of a secondary peak that was 
approximate -3.2 ppm away from the main water peak. This peak was attributed to the 
spectral shift of 1H protons due to the presence of MFNC-2. The intensity of the 
secondary peak appeared to be greatest at the concentrations about 0.5 mM to 1 mM of 
Fe. Interestingly, when the concentration was increased further, this secondary peak 
was observed to broaden and shift to slightly larger values approaching -3.5 ppm. 
As a control experiment, the effects of monodisperse MFN-18nm on the 1H 
NMR spectrum of water were also studied. Various MFN-18nm samples having 
different Fe concentrations were prepared. The MFNs were phase transferred into 
water according to the procedure described in section 2.3. The 1H NMR spectra of the 
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water molecules by dephasing their spins. The local magnetic fields induced by these 
CAs vary spatially, which lead to the surrounding water protons also exhibiting a wide 
range of Larmor precession frequencies. Hence, the NMR spectrum integrating over 
these 1H signals cover a broad frequency range, which results in a broadened peak. As 
no obvious secondary peaks were induced by the singly-dispersed MFN-18nm, it was 
concluded that the secondary peak that was induced in Figure 6-9 was solely caused by 
presence of the MFNCs. 
In another experiment, the effects of MFN loading density in the MFNCs on 
the 1H NMR spectrum of water were studied. The 1H NMR spectra of MFNC-1, 
MFNC-2, MFNC-3 and MFNC-4, together with MFN and a blank control sample are 
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calculated to be 0.58, 0.24, 0.06, and 0.02 for MFNC-1, MFNC-2, MFNC-3, and 
MFNC-4, respectively. Hence, the NMR results have shown that the loading density of 
the MFNCs had a great effect on the intensity of the secondary peak, and that MFNCs 
with lower loading induced the most intense peak. 
This observation suggested that the water protons residing within the 
nanospheres had caused the secondary peak. The nanogel exhibits a certain degree of 
water absorption capability, but due to its large hydrophobic composition, the mobility 
of water becomes greatly suppressed. It was reported in literature that the diffusion 
coefficient of water is smaller within a nanogel matrix. [117] Thus, the restricted 
mobility could have the effect of increasing the interaction time with the inner-field 
influence of the magnetic cores. This was backed up by the fact that the secondary 
peak became more intense as the loading density of the MFNCs decreased. With the 
amount of Fe remaining constant, there must necessarily be a larger number of MFNC 
nanospheres in the solution. This would imply that there were more nanospheres 
encapsulating water in its core. Another reason could be the increased density, which 
made the MFNCs more similar to an aggregated MFN, and hence, lose the frequency-
shifting property. However, the decreased spectral magnitude with unchanged spectral 
width made this loading density difference more likely due to restricted water mobility. 
Besides, it can be noticed that there was no observable change in the spectral shift with 
the change in loading density. With different loading density, the separation distance 
between the magnetic nanocrystals within the MFNC would change. One would expect 
that this should produce different magnetic field strengths within the nanospheres and 
cause different shifts in the Larmor precession frequency of trapped water protons. 
Unfortunately, the mechanism for inducing the frequency shift in this system remained 
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Figure 6-13 shows the MR spectroscopic images of MFNC-1, MFNC-2 and 
MFNC-3 solutions, and pure water at the different frequency offsets. At 0 Hz offset, it 
could be observed the T2 shortening properties of the MFNCs. Pure water produced the 
brightest contrast while the MFNCs inducing relatively darker contrasts. The 
darkening effect was observed for MFNC-1, MFNC-2, and MFNC-3 in increasing 
order of darkness. These results were consistent with the results in section 5.6, in 
which the increasing loading density resulted in greater T2 relaxivity. At -2000 Hz 
offset, the expected absence of signal from water was observed. However, in this case, 
the MFNCs showed positive contrast relative to pure water. The signal intensity at -
2000 Hz offset could be observed to be increasing in the following order: MFNC-3, 
MFNC-2, and MFNC-1. These results agreed well with the NMR spectra in Figure 
6-11, wherein there was an increasing peak intensity of the secondary peak at -3.2 ppm 
towards the lower loading MFNCs. As comparison to a scan at +2000 Hz revealed that 
there was no signal induced by the MFNCs. Therefore, it was confirmed that the 
positive contrast generated at -2000 Hz offset was caused by the unique freqency shift 
of water protons by the MFNCs. 
6.5 WATER ABSORPTION STUDIES OF THE MFNC NANOCOMPOSITES 
The magnetic resonance spectroscopy results have so far suggested a fixed spectral 
shift for water protons caused by the MFNCs, which was resultant from a combined 
effect between the MFNs and the nanogel matrix. It was strongly believed that water 
molecules within the MFNCs were responsible for the observation of this phenomenon. 
To prove that there was actual substantial water penetration into the MFNC 
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(without addition of catalyst) did not undergo significant reduction over the period of 
40 min. However, for the samples Ag-NP, Ag-NC, Ag-NC-PS, the rate of 
decolouration was accelerated substantially. The decolouration for Ag-NP and Ag-NC 
was also observed to occur significantly faster than for Ag-NC-PS. Figure 6-17b 
shows the colour of the methylene blue solutions after 40 min incubation with the three 
samples. The blue coloration of methylene blue had completely disappeared after 
catalytic reduction by Ag-NP and Ag-NC. However, the blue coloration was only 
partially reduced by Ag-NC-PS, which finally appeared green due to combined light 
absorbance by Ag at the shorter visible wavelength (blue) and absorbance by 
methylene blue at the longer visible wavelengths (red). The rate of reduction of 
methylene blue was determined to be in the following order: Ag-NP > Ag-NC > Ag-
NC-PS. Hence, it was demonstrated that the type of polymer coating had a significant 
effect on the catalytic efficiency. This demonstrated the ability of water and small 
molecules such as methylene blue to penetrate the interior of the PBMA-g-C12 
nanospheres. 
6.5.3 TUNING OF HYDROPHILICITY BY CONJUGATION WITH PEG 
The previous two tests showed that it was possible for a substantial degree of water 
permeability in the MFNC nanospheres. To further improve the water penetration 
capability of the MFNCs, the brush copolymer (PBMA-g-C12) was conjugated with 
poly(ethylene glycol) (PEG; MW = 2000 Da) to form PBMA-g-(C12/PEG). PEG is a 
linear polymer well-known for its biocompatibility with good hydrophilicity. 
Therefore, by grafting PEG side chains to the brush copolymer, the hydrophilicity of 
the copolymer could be increased. In this sample, the remaining 25% of the maleic 
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nanospheres due to the incorporation of PEG, it proved that the cause of the secondary 
peak was due to the water protons residing within the inner-field influence of the 
nanospheres. On the other hand, MFNC-PS exhibited a lower intensity for the 
secondary peak. Hence, it could be concluded that the MFNCs allowed a good degree 
of water penetration and that water molecules trapped within the spheres were the most 
probable cause of the appearance of the secondary peak. 
6.6 PH STABILITY 
For biomedical applications, it is necessary to ensure that the MFNCs remain a stable 
dispersion in various buffer mediums and in blood serum. The MFNCs could be 
completely dispersed in water or phosphate buffered saline (PBS). The MFNCs were 
observed to remain stable in PBS for up to 2 weeks. To investigate the effects of pH on 
the colloidal stability of the MFNCs, the particles were treated in solutions of different 
pH ranging from 1 to 13. The chemical stability of the MnFe2O4 cores was then 
assessed based on the rate of Fe leaching from the MFNCs. The colloidal stability of 
the MFNCs in protein serum was also studied by incubating with 10% BCS (bovine 
calf serum) in PBS. Finally, the cell cytotoxcity of MFN-18nm and MFNCs were 
tested by incubating with NIH/3T3 mouse embryonic fibroblast cells. MFNC-4 was 





Figure 6-19: (a) Size evolution of MFNC-4 in different pH media for 7 days. (b) 
Amount of Fe3+ liberated from MFNC-4 after incubated in different pH media for 7 
days at 37 oC. 
 
From Figure 6-19a, it could be observed that for the first day the size of 
MFNC-4 remained relatively constant between pH 3 – pH 11. The sizes of MFNC-4 
were in the range of 128 – 136 nm. However, at pH 13 the size decreased drastically 
within seconds to 40 nm upon dispersing the particles in the alkaline media. As 
compared to the singly-dispersed MFNs (35 nm in water), it could be deduced that the 
nanocomposite spheres had disintegrated to become individual nanoparticles at pH 13. 
This was due to the hydrolysis and dissolution of the excess polymer matrix, leaving 
only those polymer chains that were directly bound on the nanoparticles surfaces to 
remain stable. After 7 days, the MFNCs dispersed in mediums from pH 3 to pH 11 and 
PBS continued to remain stable in size. However, MFNCs in the more extreme pH 
conditions did not exhibit similar stability. This was not unexpected because the 
MFNCs in pH 1 medium were subjected to intense protonation of the carboxylate 











































































exhibited signs of agglomeration as time passed. The sample in pH 13 medium was 
also unstable although it turned into a stable dispersion of nanoparticles (34 nm) after 
only 1 day. Figure 6-19b shows the iron dissolution study of MFNC-4 after the 
incubation period. The amounts of Fe3+ ions liberated from MFNC-4 were determined 
after the 7 days using ICP. Minimal leaching of iron from the MNFCs was observed 
for pH 5 to pH 13, with iron release being much higher at pH 1 and pH 3. Hence, the 
MFNs were susceptible to acid corrosion at low pH. However, the results also implied 
that the ferrite cores of the MFNCs were generally stable against corrosion at pH levels 
in the range of 5 – 13. Hence, it could be concluded that the MFNCs were stable over a 
wide range of pH from 5 – 11 in terms of both structural and chemical stability. This 
was deemed sufficient for application in typical physiological conditions that are 
usually in the range of pH 5 – pH 8. 
6.7 COLLOIDAL STABILITY 
 
 
Figure 6-20: Size evolution of MFNC-4 dispersed in PBS containing BCS (10%) at 37 




























The long-term colloidal stability of the MFNCs in protein serum was also 
investigated. The MFNCs were dispersed in PBS containing 10% BCS and incubated 
at 37 oC for 21 days. The size was monitored real-time using DLS and recorded in 
Figure 6-20. Apart from the initial increase in particle size from 134 nm to 144 nm 
(~7.5% increase), the MFNCs neither exhibited a meaningful increase in size nor a 
decrease in derived count rate. Therefore, it was shown that MFNC-4 was stable in the 
presence of serum proteins for extended periods of time. The high colloidal stability of 
the nanoparticles could be attributed mainly to the biocompatible PVA coating that 
was physisorbed onto the surface of the particles during the mini-emulsion process. 
[97] Thus, it was experimentally shown that the MFNCs exhibited high colloidal 
stability and was suitable for application in vivo 
6.8 CELL CYTOTOXICTY 
 
Figure 6-21: Cell viability of NIH/3T3 cell lines incubated with different 
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Cytotoxicity of the nanoparticles is another important issue for application to 
biological experiments. Therefore, NIH/3T3 cells were incubated with MFN-18nm or 
MFNC-4 at different concentrations and its viability was evaluated using CCK-8 assay. 
Figure 6-21 shows that there was no significant decrease in the viability of the 
NIH/3T3 cells within the particle concentration range from 0.1 - 200 μg·mL-1. 200 
μg·mL-1 of MFNCs corresponded to about 1.5 mM of Fe in the sample, which was 
greater than the optimum concentration for inducing the highest intensity for the 
secondary peak in the NMR experiments. Hence, the MFNCs were shown to exhibit 
suitable biocompatibility for the required operational concentrations. Coupled with its 
relatively good pH stability, it was concluded that the MFNCs were safe for 
administration into the body for concentrations of 200 μg·mL-1 or less. 
6.9 REMARKS 
In this chapter, MFNCs were fabricated by controlling the loading of 18 nm 
manganese ferrite nanoparticles into polymeric nanospheres. The results showed that 
the process used to form the IONCs could also likewise be adopted in the formation of 
MFNCs with uniform morphology and small size (< 200 nm) even though the 
magnetic nanocrystal sizes were much larger and non-spherical in morphology. This 
implied that this nanocomposite fabrication technique could be extended to a wide 
range of nanocrystals as long as they are monodisperse and surface-stabilized by 
hydrophobic ligands. 
The separation distance between the core nanocrystals in the MFNCs were 
likewise controllable by varying the loading density. The separation and partitioning of 
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the core nanocrystals were evident by TEM, TGA, VSM, and SQUID experimental 
observations. The spacings between the core nanocrystals provided the environment 
for MR spectral shift on water protons. The MFNCs were highly magnetized in a 
magnetic field and caused a chemical shift in water as verified by 1H NMR 
experiments. This effect was further investigated and the main cause was attributed to 
the water absorption capability of the nanospheres. The chemical shift of water was -
3.2 ppm, which could be exploited for MR spectroscopic imaging. By performing the 
MR imaging at an offset frequency from the main water peak, the background 
interference by water could be effectively eliminated. Hence, only the regions affected 
by the MFNCs and refocused at the offset resonance frequency were detectable. 
Furthermore, the MFNCs were shown to exhibit excellent colloidal stability as well as 
pH stability in the pH range of 5 – 11. Therefore, the MFNCs were potentially useful 
for T2-weighted and MR spectroscopic dual imaging for more effective diagnostics of 
targeted organs and tissues. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
7.1 PROJECT CONCLUSIONS 
In this thesis, the research work was centered on well-defined spherical 
superparamagnetic nanocomposites that were fabricated through the templated 
assembly of superparamagnetic nanocrystals and an amphiphilic brush copolymer. The 
proposed magnetic nanostructure was studied in terms of performance enhancement as 
magnetic resonance imaging (MRI) T2 contrast agents, and also for more specialized 
applications in MR spectroscopic imaging. 
In Chapter 3 of this thesis, superparamagnetic iron oxide nanoparticles 
(SPIONs) were firstly synthesized with uniform size and morphology. The 
magnetization of such particles was further improved by the substitution of a single Fe 
with Mn to form MnFe2O4 nanoparticles (MFNs) that exhibit a faceted octahedral 
structure with a higher intrinsic magnetization. In the second part, an amphiphilic 
copolymer based on a hydrophilic backbone and hydrophoboic side-chains was 
synthesized as an effective polymer matrix for binding the SPIONs in nanospheres. 
The brush copolymer could be further modified by grafting functional molecules such 
as fluorescein. It could also be grafted with PEG to tune its hydrophilicity. Thus, the 
chemical versatility of the copolymer was demonstrated. 
In Chapter 4, iron oxide nanoclusters (IONCs) were synthesized through an oil-
in-water emulsion technique by mixing the SPIONs and copolymer using a 
homogenizer. To carefully control the size and SPION-loading density of the IONCs, 
the effects of various parameters, namely oil/water ratio, polymer concentration, 
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SPION concentration, and SPION size were systematically studied. Through these 
experiments, the aims of fabricating IONC sizes less than 200 nm and having narrow 
size distributions were achieved. The process was reproducible and suitable for large-
scale production. More importantly, the hydrophobic SPIONs were effectively 
transferred to water, which was important for biological applications. The IONCs 
exhibited excellent colloidal stability and remained completely dispersed in aqueous 
solutions such as PBS, even in the presence of serum protein. The IONCs were also 
shown to be stable over a fairly wide range of pH from 4 – 10. Therefore, the physical 
characteristics of the IONCs were deemed to be suitable for use in physiological 
conditions that are relevant to MRI. 
In Chapter 5, the magnetic properties of the IONCs were studied according to 
their SPION-loading densities. By varying the SPION-loading in the IONCs, the intra-
particle separation distance, dsep, between the core nanocrystals was readily controlled. 
When dsep was plotted against saturation magnetization per unit Fe, a threshold value 
was revealed for dsep below which the magnetic interaction between the magnetic core 
became prominent. It was shown that the clustering effect induced enhanced magnetic 
susceptibility and the effect increased with increasing SPION-loading. Both IONC 
samples loaded with SPION-4nm and SPION-7nm were observed to exhibit such 
behavior. This effect was further extended to the magnetic relaxivity behaviour of the 
particles in MRI. Transverse magnetic relaxivities (r2 and r2*) were strongly enhanced 
by the IONCs, whereas the longitudinal magnetic relaxivity (r1) was effectively 
suppressed. More significantly, the r2* values were effectively boosted to values higher 
than the commercial product Ferucarbotran. The high  ratios of the IONCs implied 






fabrication of more effective T2-weighted MRI contrast agents. Finally, the IONCs 
were tagged with fluorescein and demonstrated to label NIH/3T3 cells effectively. This 
showed the capability to further develop such nanoprobes with multiple functionalities 
for in vivo bioimaging and diagnostic purposes. 
In Chapter 6, manganese ferrite nanocomposites (MFNCs) were successfully 
fabricated by loading 18 nm MFNs into nanospheres. This showed that the prescribed 
technique for fabricating nanocomposites could be extended to a wide variety of 
nanocrystals as long as they were monodisperse and surface-stabilized by hydrophobic 
ligands. The separation distance between the core nanocrystals in the MFNCs were 
likewise controllable by varying the loading density. It was proposed that the spacings 
between the MFNs could provide the environment for producing discrete MR spectral 
shifts of water protons. The MFNCs were highly magnetized in a magnetic field and 
caused a NMR frequency shift in water by approximately -3.2 ppm. This effect was 
further investigated and the main cause was attributed to water absorption in the 
nanospheres. This behavior was exploited for MR spectroscopic imaging by RF 
excitation at an offset frequency corresponding to the induced frequency shift. Hence, 
the background signals could be eliminated because only the regions affected by 
MFNCs could be detected. Moreover, the MFNCs were shown to exhibit excellent 
colloidal stability as well as pH stability in the pH range of 5 – 11. Thus, it was 
concluded that the MFNCs were potentially useful for T2-weighted and MR 
spectroscopic dual imaging for effective diagnostic of targeted organs and tissues. 
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7.2 POSSIBLE IMPROVEMENTS FOR FUTURE WORK 
In Chapter 5, it was shown that the iron oxide nanoclusters (IONCs) could be 
functionalized using fluoresceinamine. The dual contrast effect provided by both 
optical imaging and MRI is a useful technique for improving diagnostic accuracy. 
[119,120,121] Moreover, this demonstrated that chemical conjugation with other 
functional groups was possible due to the availability of anhydride rings of PBMA. Of 
great interest in the biomedical field is the incorporation of targeting ligands to 
increase uptake by specific cell types. For example, the particle surface can be 
functionalized using folate to target many types of abnormal cells, particularly cancer 
cells that have overly expressed folate receptors. Folic acid is a model biomolecule 
available to demonstrate the active targeting process [122,123]. It is a form of vitamin 
B, which is essential for the nucleotide synthesis. Folic acid is an important growth 
factor especially during periods of rapid cell growth and division. Therefore, rapidly 
growing cancer cells develop overly-expressed folate receptors to maximize uptake of 
the nutrient. Cancerous tissues, especially of the ovary, nasopharyngeal, cervical, and 
breast are well-known to consistently express high levels of folate receptors, which are 
accessible through the bloodstream [124]. Hence, the targeting efficiency towards 
cancer cells can be increased by two orders of magnitude as compared to normal cells. 
Advantages of folic acid include being less expensive as compared to antibodies, 
hormones, and peptides. It is also non-immunogenic because it is found naturally in 
the food that is commonly taken in by humans. It is also generally easier to be 
conjugated than other ligands and retains a high affinity for the folate receptor even 
after chemical conjugation via its γ-carboxylic acid group, thus making it a potentially 
useful tumor-targeting ligand. For the conjugation process, folic acid needs to firstly 
aminized to make it chemically reactive with the maleic anhydride of PBMA. The 
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general preparation route of Folate–NH2 can be proposed as follows: PEG–bisamine, 
folic acid, and dicyclohexylcarbodiimide are dissolved in dimethyl sulfoxide in the 
presence of triethylamine as catalyst. [125] The mixture reacts for 24 h in the dark at 
room temperature under nitrogen gas. The mixture is centrifuged to separate the by-
product dicyclohexylurea and then purified by precipitation in anhydrous diethyl ether. 
Folate–NH2 can then be reacted with PBMA in the same way as the grafting of 
dodecylamine. Hence, the preparation of folate-decorated magnetic nanocomposites is 
possible and this method could be used for specific targeting and detection of cancer 
cells. 
In Chapter 6, it was shown that the PEG-modified copolymer, PBMA-g-
(C12/PEG) could similarly be used in the formation of nanoclusters. The incorporation 
of PEG to the polymer matrix is advantageous because PEG is a well-known 
biocompatible polymer that has anti-fouling properties and has become an established 
means to improve water solubility and biocompatibility of material and particle 
surfaces. [57,126,127] This could also increase blood circulation times by reducing 
uptake by the body’s reticuloendothelial system (RES). Furthermore, the 1H NMR 
results had shown that PEG modified magnetic nanocomposites generated a stronger 
secondary peak as compared to the regular MFNCs. This was because the increased 
hydrophilicity of the polymer allowed for greater diffusion and exchange of water 
molecules in and out of the nanocomposites spheres. However, a few issues remained 
to be studied regarding the incorporation of PEG for the formation of the 
nanocomposites spheres. Firstly, the increased hydrophilicity due to the addition of 
PEG could become detrimental if the polymer is susceptible to dissolution. The 
stability of the nanocomposites structure in water would be compromised and it would 
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experiments performed, the position of the secondary peak remained relatively 
unchanged at approximately -3.2 ppm. It is believed that the type and shape of the 
magnetic nanocrystal could also have different effects on the frequency shift. Thus, 
nanostructures with more anisotropic structures may be the key to producing variable 
shifts in the water peak. For this purpose, magnetic nanocrystals with other 
morphologies could be investigated. Possible morphologies include nanocubes 
[128,129] and nanoplates. [130,131,132] Such anisotropic structures have large faceted 
surfaces that could produce unique effects for using a similar nanocomposite design. 
Nanorings or nanotubes [133,134,135] could also be suggested for such a study as they 
are similar to the micromachined cylinder structures reported by Zabow et al. [42] If 
different frequency shifts can be obtained for each contrast agent, they can be color-
coded according to degree of the frequency shift. With the excellent colloidal stability 
of the as-synthesized nanocomposites spheres, the particles would be suitable for both 
in vitro and in vivo tests to study their biolabelling capabilities. Finally, this could 
realize the aim of achieving multispectral imaging in MRI using nano-sized particles. 
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